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ABSTRACT
There is been increasing interest in understanding the physical properties of cellular
solid for designing function specific architectures. A new approach has been adopted
for modelling those complex micro-systems using image based techniques. The image
based meshing is a novel method capable of generating the required volume discreti-
sation (finite element and finite volume meshes) directly and robustly from the image
data obtained from a range of imaging modalities such as magnetic resonance imag-
ing and computed tomography. The purpose of the present work is combining image
based meshing with finite element method (FEM) for mechanically characterise complex
micro-structures. Cellular solid, previously investigated using conventional analytical and
experimental approaches and their limitations, will be now explored with the accuracy and
the precision of the image based finite element approach. Analytical models of the me-
chanics of open cell foams are reviewed and extended into a new parametric model which
includes axial compression as deformation mechanism during compression. The para-
metric model, supported by the novel method, is used to predict the mechanical behaviour
of two regular open cell micro-structures and a topology obtained from tomographic imag-
ing of an open celled foam. The new approach is then extended to the dynamic analysis
of a Polyurethane open cell foam under large strain deformation and different boundary
conditions. Bone scaffolds, having the architecture of cellular solids, are mechanically
characterised and parametrically investigated. Finally the novel method is applied on two
phases composite systems on which a wide range of parametric and sensitivity analysis
are carried out. The potentialities of combining image based techniques with FEM are
then enlighten.
keywords: cellular solid, image processing, Finite Element Method, image based
meshing, large strain deformation, dynamic analysis, bone scaffold, synthetic structures,
Alumina-Aluminium composite, parametric model, Polyurethane open cell foam, reverse
engineering, material characterisation, lattice factory.
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INTRODUCTION
There is increasing interest in understanding the physical properties of micro-structures
for designing function specific architectures. Of particular interest are studies related
to the mechanical properties of cellular solids and composites, micro-structures om-
nipresent in nature, from which human technology often takes its inspiration. Wood,
sea sponges, bones and several others materials have extraordinary properties (combi-
nation of strength and flexibility for wood, low weight and strength of bones, etc.) and
all are cellular solids. Light weight, low density, high energy absorption and low thermal
conductivity make these material systems ideal models to explore as the basis for devel-
oping new aerospace materials, biomedical and civil engineering applications. Different
geometries are related to particular physical properties. A better understanding of the
nexus between geometry and properties can be obtained using analytical, experimental
and, increasingly, computational approaches. The analytical approach provides unparal-
leled insight into the relationship between the different parameters of the system studied
and however the predicted responses of only relatively simple models are tractable and
models often introduce a number of simplifications which might significantly influence the
global response. Experimental tests on physical cellular solid samples provide the base
of the old pragmatic engineering and even if strongly robust they introduce simplifications
and limitations. The experimental approach, on the other hand, does not introduce, to
the same extent, the kind of simplifications required for analytical modelling but the abil-
ity of exploring the mechanisms at work is seriously limited as well as the possibility of
controlling manufacturing parameters. In short, understanding the mechanics of complex
micro-architectures is still a challenge. Analytical models of necessity introduce sim-
plifications and experimental tests are comparatively expensive and unable to accurately
control parameters of the mechanisms investigated. Computer simulations provide a third
alternative, or rather complementary, line of analysis and, with the advent of high perfor-
mance processors and new meshing and physics based simulation tools, the response of
systems with complex topologies can now be studied when previously would have been
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intractable. New imaging techniques, such as Micro-CT, MRI, Ultra Sounds amongst
many others, now allow for extremely accurate non-destructive imaging of very complex
micro architectures. In tandem meshing techniques have been developed to directly and
robustly convert these three dimensional images into numerical models suitable for car-
rying out physics based simulations which couples with improved computational tools to
exploit the high quality of the data for the generation of very accurate models of these
complex systems. The image-based approach, starting from the images produced with
micro-CT, or any other imaging device, generates 3D model of the system of interest
on which accurate quantitative analysis can be carried out. The measure of the internal
porosity in a foam, the average ribs thickness in a trabecular bone, the volume of a parti-
cle present in a composite material and many others, are all examples of measurements
using the image based approach. A further development in image processing consists
in image based meshing. This novel technique is capable of generating the required vol-
ume discretisation (finite element and finite volume meshes) directly and robustly from
the image data obtained from a range of imaging modalities (micro-CT, MRI, ultrasound,
etc.). Once the finite element model is created, this opens the door to physics based
simulation (such as mechanical or fluid dynamic analysis) using appropriate FEM (Finite
Elements Method) or CFD (Computational Fluid Dynamics) programs. FEM is a non de-
structive evaluation technique which improves the quality of the analysis in term of model
accuracy, number of parameters controllable, repeatability of the tests and reduces the
physical and temporal cost. Image based techniques and FEA are the perfect combina-
tion to carry out a wide number of sensitivity and parametric studies on models which
so far have never been simulated in such a realistic way. Simple models once adopted
to reproduce a complex geometry are now replaced by realistic representations of the
system, based exclusively on the high quality of the images produced with the imaging
techniques or alternatively synthetically generated models can be used as the basis for
analysis. Obviously this approach can be extended to different systems, but in this work
special interest has been given to micro-systems such as open cell micro-structures and
composites. Those systems have been chosen because of their complexity, which has
always limited scientists in deeply understanding their micro-structural behaviour when
using conventional characterisation methods and because of their wide use in industrial
and biomedical applications, due to their interesting properties.
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Outline Starting with the basic mechanics from simple analytical models of cellular
solids, this thesis will explore the capability of combining image based techniques with
FEA for analysing the mechanical behaviour of highly accurate cellular solid models. In
Chapter 1 a general description of the background of this work will be presented. In
Chapter 2 a review of the Image Based Meshing is proposed as necessary for under-
standing the strength of this new approach. In Chapter 3, after reviewing the mechanics
of open cell foams present in the literature, a new parametric model of the deformation
mechanisms during compression will be described. A new approach based on image
techniques and numerical simulations is defined and utilised for calculating the param-
eters of the new model which is then applied to different analytical geometries and to
an image based open cell foam model. The dynamic behaviour of a Polyurethane open
cell foam will be investigated numerically under large strain deformation and different
boundary condition in Chapter 4. Chapter 5 will extend the new image based approach
to bone scaffolds having open cell geometry. As published in a journal paper, the micro-
architectures have been mechanically characterised and sensitivity analyses have been
carried out. In Chapter 6 from one phase system the attention is moved on two phase
systems. The combination of image based technique and FEA will be utilised for investi-
gating the mechanical behaviour of synthetically generated complex geometries compos-
ite material systems. A wide number of parametric and sensitivity analysis are presented.
Chapter 7 will present the discussions and Chapter 8 will discuss the conclusions.
1. BACKGROUND
This chapter gives an overview of micro-structures, with special focus on cellular
solids and composites and presents the different approaches utilised for investigating
these complex micro-architectures.
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1.1 Micro-structures
The terminology micro-structures refers to the description of the material appearance
at the nm-cm scale. A micro-structure can be seen as the arrangement of phases and
features within a material. This arrangement has a particular crystal structure, size, ori-
entation, composition and this affects the macroscopic behaviour of materials in terms of
their physical properties such as strength, ductility, hardness and so on. A deeper un-
derstanding of the nexus between micro-structural characteristics and macro-structural
behaviour would enhance the design and application of new material systems.
1.1.1 Cellular materials
Cellular materials are used in many industrial applications, as well as commonly found
in natural biological structures. High strength to weight ratio, gentle energy absorption,
and diffusive transport properties are all mechanical aspects characterising these micro-
systems. Due to their unique properties, engineering applications are increasingly utilis-
ing cellular structures as models for the development of new materials systems. The use
of cellular solid architectures finds interest in a wide range of applications such as civil
and aerospace structures, biomedical devices and defence systems. A cellular solid is
one made up of an interconnected network of solid struts or faces which form the edges
and faces of the cells [31]. Examples of these arrangement are shown in Figure 1.1.
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(a) (b)
(c) (d)
Fig. 1.1: Examples of different kinds of cellular solids, artificial (a, b) and natural (c, d).
Foams, the more generic example of cellular solid, are made up by three-dimensional
space filling packing of cells. The cells are commonly polyhedral and, depending on how
they are connected with the neighbouring cells, it is possible to identify different types of
foams. ”Open celled” when the solid of which the structure is made up is contained only in
the cell edges or ”close celled” if the solid is contained as well in the faces. Some foams
can present the two different characteristics simultaneously. The mechanical properties
of cellular solids vary with their specific micro-architecture specially in terms of relative
density (or porosity) and mean cell shape. The relative density is a measure of the density
of the cellular solid (ρ*) divided by that of the solid material (ρs).
Relativedensity =
ρ∗
ρs
(1.1)
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The porosity, intended as the fraction of pore space in the foam is given by:
Porosity =
(
1− ρ∗
ρs
)
(1.2)
Generally speaking, cellular solids have relative densities which are less than about 0.3,
but most are much less as low as 0.003 [31]. The relative density is directly related to
the stiffness of a cellular solid and the cell shape determines its isotropic or anisotropic
behaviour. The material properties of the solid of which the structure is made, determine
different sub-classes of cellular solids: polymers-elastomers, metal and ceramic-glasses.
Each of these sub-groups is characterised by different mechanical properties. A general
elastomer cellular solid stress-strain curve presents three characteristic regimes: linear
elasticity, stress plateau and densification (Fig.1.2).
Fig. 1.2: Generic stress-strain curve with the three regimes for an elastomeric foam [31].
Each regime is associated with a particular mechanism of deformation or failure. The
elastic region is associated to the bending and axial compression of the cells walls and
is limited to small strains, generally 5% or less. The almost flat plateau is due to elas-
tic/plastic buckling of the cell walls [31], [71] and the steep increase in stiffness is de-
termined by the densification of the foam as cells collapse on themselves resulting in
a denser and stiffer response. The characteristics of these regimes and the transitions
between them are strongly dependent on the architecture and the material class of the
cellular solid [32], [53], [107], [95], [19].
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1.1.2 Composites
Composites are ubiquitous in nature and increasingly finding application as engineering
materials. Composite materials are made from two or more constituent materials having
highly different physical or chemical properties (Fig. 1.3).
(a) (b)
(c) (d)
Fig. 1.3: ECM of different composite materials.
In this class of materials, natural or engineered, the properties of the different mate-
rials combine to provide an effective composite material with enhanced properties. The
constituent materials belong to two different categories: reinforcement and matrix. The
matrix material surrounds and supports the reinforcement material by maintaining its rel-
ative position. The reinforcement enhances the matrix properties by providing its special
physical and mechanical properties. This synergism produces a material having overall
properties superior to those of the individual components. This is the principal reason for
which composites are increasingly utilised in engineering applications. The wide range of
matrices and reinforcements available makes the composite class very different in itself.
The physical properties of composite materials are generally not isotropic (independent
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of direction of applied force) in nature, but rather are typically anisotropic (different de-
pending on the direction of the applied force or load). When speaking of engineered
composite the reinforcement material is often constituted by fibres, particles or structural
components. The arrangement or orientation of the reinforcement relative to one another,
the concentration and the distribution, all have a significant influence on the strength and
other properties of the composites. Typically, the higher the reinforcement content, the
greater the strength. For a fibre reinforced composite the elastic modulus, when fibres
are parallel to the direction of the load, is given by:
Ec = EfVf + EmVm (1.3)
instead when the load is normal to the direction of the fibres:
Ec =
EmEf
VmEf + VfEm
(1.4)
where Ec is the Young’s modulus of the entire composite along the length of the fibers,
Ef and Em are respectively the Young’s modulus of the fibers and matrix material and
Vf and Vm respectively the volume fraction of fibres and matrix in the composite. For
particles reinforced composites there are different mathematical equations describing the
tensile modulus of the system [103]. Structural component reinforced composites don’t
have equations able to describe their modulus or strength because the geometry of the
reinforcement varies from system to system.
1.2 Characterisation Methods
The complex geometries and the small dimensions of micro-structures make modelling
these systems a highly complicated task. Knowledge of the deformation mechanisms and
the control of key features of the geometry will provide important information on the me-
chanical behaviour of these material systems. Investigations of the mechanical properties
of foams and composites have been done utilising predominantly analytical and experi-
mental approaches. Each one has showed to be reliable but approximated and not ideal
for every kind of analysis. Increasingly during the last decade numerical techniques and
in particular the Finite Element Method (FEM) have been employed for the mechanical
characterisation of micro-architectures. One of the limitations of using FEA in combina-
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tion with CAD was the inability to model actual rather than idealised geometries of the
micro-system. However recent development of new image meshing tools has allowed
to exploit the accuracy of imaging techniques such as computed tomography (CT scan),
magnetic resonance (MRI), ultrasound etc. for the generation of realistic computational
models.
1.2.1 Analytical and Experimental approach
The analytical approach schematises with simplified models the material systems inves-
tigated. The geometry of these models is built up with unit components (in the majority of
cases Timoshenko beams [94]) of which the mechanics is known. In this idealisation, the
properties of interest (strength, Poisson’s ratio, etc.) are extrapolated from the well known
parameters which characterise the unit components. Different boundary conditions can
be applied to the system within the limit of the simplifications introduced during modelling.
Books and journal papers have been written on micro-structures mechanical character-
isation utilising this approach. The best example is the book ” Cellular Solid” of Gibson
and Ashby [31] in which analytical models are used to explain in detail the mechanical be-
haviour of different classes of cellular solids. These models fit with good agreement the
experimental results but their generality doesn’t allow to investigate specific conditions
and aspects of interest. San Marchi [80] develops a simple analytical model based on
beam theory to describe the flow stress and the change in stiffness of an aluminium foam
as a consequence of compression and verifies it with experimental results. As for Warren
and Kraynik [98], [99], Choi and Lakes [20], Zhu et al. [106] and Ashby and Gibson [31],
specific sets of assumptions about the architecture of the cellular solid and appropriate
deformation mechanisms are introduced during the creation of the models. The same
issue concerns the modelling of composite systems [50]. Orientation of the unit cell, rel-
ative density of the system, beam section geometry, type of connection between beams
at nodes, and several other parameters are differently considered in the different mod-
els. This implies differences in the results, no possibility of proper comparisons but most
important a lack of fidelity in the geometric representation of real foams. The analytical
approach is typically run in parallel with experimental tests in order sometimes to provide
corroboration but more often to calibrate some parameters of the analytical model devel-
oped. In the experimental procedure, as underlined by Andrews [6] the specimen size
(relative to the cell size) of metal foams is known to affect the experimental results due to
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edge effects. The set up for the mechanical test could not be perfectly reproduced each
time a different sample is analysed and depending on the researchers, different setting
and boundaries conditions are selected. San Marchi [80] used a screw-driven universal
machine for the compressive testing and coated with Teflon the platen used for the com-
pression in order to reduce friction with the cylindrical sample. Chan and Xie [18] used
an Instron testing machine and the tests were carried out at a specific controlled temper-
ature and compression velocity. The compression tests done by Gong et al. [33] were
performed between parallel rigid platens with ground surfaces under constant displace-
ment rates. It is therefore not surprising how different results can be obtained by different
researchers. All these approximations-imprecision, connected with both analytical and
experimental approaches, are the reasons for which Roberts and Garboczi [78] said that
”there are no realistic analytical calculations available for general random materials so
that numerical methods become necessary”.
1.2.2 Finite Element Method
The Finite Element Method (FEM) is a numerical simulation technique designed to ap-
proximate the solution of partial differential equations. Numerical methods are now used
in a wide range of applications. If used in the product design process it allows to reduce
the time spent during the modelling and testing phase of product development. A full FE
analysis can be divided broadly into three steps:
• a meshing phase during which a meshed model of the object of interest is created
• a pre-processing step during which the problem (boundary conditions, loads, mate-
rial properties, etc.) is defined
• a simulation phase
The mesh creation phase consists in discretising an object geometry into smaller and
simpler geometrical shapes such as hexahedra and tetrahedra. When a model is created
a large number of different physical conditions can be tested straightforwardly saving time.
Boundary Conditions are in general the more important conditions required for defining
a FE analysis. They describe the external conditions that will characterise the response
of the system. Changing one of them it’s equal to change the physic of the analysis of
interest. These values are quite important because represent the coefficients of the stiff-
ness matrix which determines the FE problem solutions. Without these values it would
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be impossible solving the analysis. With the advent of new technology and computa-
tional power the use of numerical simulations has widely spread in the micro-structures
research. In this field, the weak point of this technique is drawing the model. The micro-
structure complex architecture is not reproducible using computer aided design (CAD)
programs, so that again, simplifications of the real geometries are often utilised as mod-
els. Kraynik and Reinelt [52] utilised a Kelvin cell as unit cell for the modelling a dry soap
foam and studying its linear elastic behaviour. Sangwood Sihn and Roy [85] modelled
a carbon foam using a representative unit cell to correlate the micro-structural charac-
teristic with the bulk properties. Luxner et al. [66] analysed the effect of structural ir-
regularities and elasto-plasticity on the mechanics of 3D open cell structure. Yvonnet et
al. [105] generated a multiscale finite element model for the post-buckling analysis of
cellular micro-structures. Alkhader and Vural [5] investigated the role of cellular topology
and micro-structural irregularity utilising the Voronoi tessellation theory for creating differ-
ent kind of cellular solid structures. Jiang et al. [48] considered in their study the effect
of elasto-plastic material properties in a particle reinforced composite during compres-
sion, Seguardo et al. [82] used numerical simulations to investigate the effect of particle
clustering on the mechanical properties of composites. Gonzalez et al. [34] analysed
the mechanical behaviour of a particle reinforced composite under multi-axial loads. All
these analysis have shown the potential of the FEM approach for the characterisation
of complex micro-structures. The limit of the models simplification, when using the nu-
merical approach, can be overcome when imaging processing is coupled with FEA. In
the last few years the data produced with imaging techniques, such as Micro-Computed
Tomography (CT), Magnetic resonance (MRI), ultrasound, have been used for generating
computational models. New technologies have significantly improved the quality of imag-
ing techniques in order to generate images of micro-structures of extraordinary quality.
The possibility of exploiting this data for generating computational models is of great inter-
est. The few tentative done were not successful in term of model quality. Maire et al. [67]
and Guessasma et al. [36], utilised CT scan images of cellular structures for generating
computational models. The limitation of generating a realistic model, was this time in the
transfer process between the image model and the finite element model. The lack of an
image based mesher only allowed to discretise the image based model with voxels. The
use of voxels, as finite elements, roughly approximates the smooth geometry caught with
the imaging technique (Fig. 1.4).
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(a)
(b)
Fig. 1.4: Small part of Polyurethane foam discretised utilising voxels (a) and tetrahedral elements
(b).
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1.3 Image based analysis: Simpleware software
Different commercial image based software are available on the market, but not all are
suitable for converting complex image based geometries into finite element models. All
the image based models utilised in this thesis have been created using Simpleware Ltd.
software [86]. An introduction and description of the software suite will be given in this
section for understanding the different stages involved in going from scan data to volu-
metric mesh. This is necessary for a better comprehension of the modelling work done
in this thesis.
1.3.1 Overview
Simpleware provides the world-leading software solution for the conversion of 3D images
into CAD, Rapid Prototyped and Finite Element models. Simpleware offers three software
options for processing and meshing 3D image data. The software is based on a core
image processing platform, ScanIP, with optional bolt-on modules for mesh generation
and CAD integration. The relationship between these products is shown in Figure 1.5
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2.1.1 ScanIP – image processing software 
ScanIP offers an extensive selection of image processing tools to assist you in visualising and 
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Fig. 1.5: Simpleware software products.
ScanIP-image processing software
ScanIP offers an extensive selection of image processing tools to assist the visualisation
and segmentation of regions of interest from any volumetric 3D data (e.g. MRI, CT,
Micro-CT, tc.). Segmented i ag can be exported as STL files for CAD analysis and
RP manufacturing.
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ScanFE-mesh generation module
ScanFE provides a robust approach for the conversion of segmented 3D image data into
multi-part volumetric and/or surface meshes. The high quality meshes generated can be
directly imported into a range of commercial FE and CFD packages. ScanFE functionality
is available as a module within the ScanIP interface or as a standalone interface. The
strength and innovation of this meshing tool is based on its meshing algorithm (EVoMaC)
described in details in chapter 2.
ScanCAD-CAD integration module
ScanCAD allows the import and interactive positioning of CAD models within image data.
The resulting combined models can then be exported as multi-part CAD models or, using
ScanFE, converted automatically into multi-part finite element or CFD meshes.
1.3.2 Typical workflow with Simpleware software
With the Simpleware software suite, meshes can be generated from 3D data in a matter
of minutes. In many cases, conversion can take as little as 10 minutes on a standard
desktop PC.
Generation of volumetric meshes for FE/CFD analysis
1. Run ScanIP to import data and segment different regions of interest.
2. Assign volumetric mesh parameters, define contact surfaces and define material
properties, using the integrated ScanFE module.
3. Export the mesh directly into commercial FE or CFD solvers.
A graphic example of the sequence required to generate a volumetric mesh starting from
3D image data is presented in Figure 1.6:
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(a) (b)
(c) (d)
Fig. 1.6: Sequence of steps for the conversion of segmented 3D image data into volumetric mesh:
(a) 3D data, (b) segmentation, (c) image based model and (d) volumetric mesh.
2. IMAGE BASED MESHING
This chapter is taken from the paper ”An efficient approach to converting three di-
mensional image data into highly accurate computational models” [104] and describes
the advantages of using the image based meshing technique for the generation of high
accuracy computational models of complex geometries.
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2.1 Overview
Image-based meshing is opening up exciting new possibilities for the application of Com-
putational continuum mechanics methods (Finite Element and Computational Fluid Dy-
namics) to a wide range of biomechanical and biomedical problems that were previously
intractable owing to the difficulty in obtaining suitable realistic models. Innovative surface
and volume mesh generation techniques have recently been developed, which convert
three-dimensional imaging data, as obtained from magnetic resonance imaging, com-
puted tomography, micro-CT and ultrasound, for example, directly into meshes suitable
for use in physics-based simulations. These techniques have several key advantages, in-
cluding the ability to robustly generate meshes for topologies of arbitrary complexity (such
as bioscaffolds or composite micro-architectures) and with any number of constituent ma-
terials (multi part modelling), providing meshes in which the geometric accuracy of mesh
domains is only dependent on the image accuracy (image based accuracy) and the ability
for certain problems to model material inhomogeneity by assigning the properties based
on image signal strength. Commonly used mesh generation techniques will be compared
with the proposed enhanced volumetric marching cubes (EVoMaCs) approach and some
issues specific to simulations based on three-dimensional image data will be discussed.
A number of case studies will be presented to illustrate how these techniques can be
used effectively across a wide range of problems from characterization of micro scaffolds
through to head impact modelling.
2.2 Introduction
Computational modelling offers the prospect of providing both a better insight into a range
of biomechanical problems and improved tools for the design of medical devices and the
diagnosis of pathologies. Early biomechanical applications of the finite element method
(FEM) were principally in orthopaedics. Owing to computational limitations, these early
FE studies predominantly used two dimensional or axisymmetric modelling [79], [90],
[74], [12] and, as a consequence, the geometric fidelity was relatively poor. As increased
computational power became more widely available larger models became feasible and
results from three-dimensional models were increasingly reported in the literature [38],
[15], [96], [22]. More recently, considerable attention has been focused on the gen-
eration of high-fidelity models constructed from data obtained from three-dimensional
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imaging modalities such as computed tomography (CT) and magnetic resonance imag-
ing (MRI) [97], [93]. However, most approaches to converting three dimensional images
into meshes for use in FE or computational fluid dynamics (CFD) analysis necessitate
significant user interaction and often still involve some appreciable simplification of the
model geometry [17], [7]. A major reason for the lack of automation is the use of tradi-
tional approaches to meshing in the model construction pipeline. These meshing tech-
niques were developed to generate models from computer-assisted design (CAD) data
and, quite naturally, they are based on generating volume discretisation starting from
bounding surfaces. Most approaches mooted to date for generating three-dimensional
volume meshes from image data have therefore involved an intermediary step of surface
reconstruction, which is then followed by the use of these traditional CAD-based meshing
algorithms [97], [81], [101] a process which is time consuming, not very robust and can
be virtually intractable for the complex topologies and geometries typical of much image
data. CAD-based meshing techniques fail to exploit the fact that for three-dimensional
imaging data surfaces are not explicitly defined but only implicitly as the surface bound-
aries of a segmented volume of interest. Exploiting this difference leads to a far more
accurate, robust and direct approach that combines the geometric detection and mesh
creation stages in one process. The field of three-dimensional physics-based simulation
based on three-dimensional imaging data is still relatively new and lies at the interface
between a number of disciplines. An overview of popular meshing algorithms and more
recently developed grid based meshing approaches will be given with a discussion on
relative advantages and disadvantages for use in generating meshes from imaging data.
Some issues specific to image-based simulation are discussed and a number of case
studies that serve to illustrate these issues, as well as to demonstrate the versatility of
the proposed approach, are then presented.
2.3 On image-based model generation
Data from three dimensional imaging modalities generally consist of a regular Cartesian
grid of greyscale data representing the relative signal strength throughout the scanned
volume obtained from the imaging modality. The most basic step that must be carried
out is segmentation: that is, the identification of volumes of interest (VOI) within the im-
age by classification of voxels into appropriate groups (bone, tendon, fat, muscle, etc.).
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Segmentation of medical images is an important area of active interest and the tech-
niques available span the gamut from manually painting voxels through to use of level
set methods to identify contours [83]. Clearly, the accuracy of any resultant model will be
largely dependent on the accuracy of the initial segmentation and this will be a function
not just of the image resolution but a number of other factors including noise, poor con-
trast between tissues and motion artefacts as well as, for semi-automated and manual
approaches, inter-operator differences stemming from interpretation of images. In the fol-
lowing overview, it will be assumed that segmentation of all VOIs in the image has been
carried out. Techniques for generating smooth high quality volume meshes that are as
faithful as possible to the boundaries implicitly defined by the original segmented data
volumes will be discussed.
2.3.1 Surface reconstruction from three dimensional image data
Where traditional meshing techniques are to be used on segmented three dimensional
data, an initial step of reconstructing a suitably smooth surface representation must pre-
cede the application of meshing algorithms. One technique is to extract contours for the
different slices and to loft a surface through these contours [69]. This approach suffers
from significant drawbacks: the two-dimensional contouring usually involves fitting splines
around the segmented two-dimensional cross sections based generally on manual selec-
tion of control points and this can lead to pronounced geometric discrepancies between
bounding curve and parent segmented data; stacking the contours is problematic partic-
ularly where bifurcations occur as there is an inherent ambiguity regarding connectivity
across the two slices, which needs to be resolved manually; and the approach cannot
be applied to multiple VOIs as there is a loss of conformity of surfaces at interfaces be-
tween different parts due to the curve fitting process. This approach leads to a significant
loss of both surface detail and geometric accuracy and for anything but the most sim-
ple topologies reconstruction is virtually intractable. For the high-resolution imaging data
obtained nowadays, by far the most popular approaches to surface extraction are based
on the marching cubes algorithm [64]. The algorithm is based on considering the centre
points of voxels in the image to be the vertices of a lattice or the grid of cubes. Based
on whether a vertex is considered inside or outside the VOI, the edges bridging vertices
inside and outside the object can be bisected and a configuration of triangular patches
is assigned to each cube based on a predetermined surface tessellation for that case,
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which is stored in a look-up table. Indeed, there are only a finite number of ways (i.e.
28 = 256) that a cube can be intersected by an isosurface and this can be further reduced
by exploiting the rotational symmetries so that a much smaller number of cases need to
be pre defined (15 in the case of Lorensen Clines original algorithm). The algorithm is
extremely robust and faithful to the segmented VOI and provides continuous triangulated
surfaces that are guaranteed closed and manifold. The resultant surface extracted is
used as the starting point for either generation of higher order CAD representation, such
as non-uniform rational B-splines NURBS-based surfaces, or as triangulated bounding
surfaces to be used for meshing using, for example, advancing front (AF) or Delaunay
meshing techniques. Clearly, where the image data are of continuously varying signal
strength, such as a temperature field, improved accuracy and smoothness can straight-
forwardly be obtained using exactly the same approach but intersecting at appropriately
distanced interpolation points between vertices rather than simply bisecting the edges
between vertices. While a priori, this approach may not seem applicable to image data
obtained from scanning discrete structures, such as a CT scan of an engine, if certain
conditions are met, then the measured signal strength at the interface between the struc-
ture and the background, say air, will reflect the percentage of the structure occupying
that voxel region, this is sometimes termed partial volume effect. When this is the case,
the surface extraction from the marching cube using interpolation values is not only ap-
preciably smoother but has enhanced fidelity (the so called sub-voxel accuracy). In Figure
2.1 the original stepped surface of a segmented volume from a cadaveric bone CT scan
as well as surfaces generated from the marching cube approach, both with and without
the use of partial volume information, are shown the dramatic improvement in surface
smoothness with partial volume interpolated data can clearly be seen.
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Fig. 2.1: Reconstructions from CT scan of a dry cadaveric bone: (a) segmented volume of inter-
est voxel mesh, (b) surface mesh generated from marching cubes algorithm (no inter-
polation), (c) rendered view of surface mesh generated from marching cubes algorithm
(including partial volume based interpolation).
Unfortunately, for many, if not most, medical image datasets, this is not the case; seg-
mentation is not principally based on thresholding and the resultant segmented data often
consists of multiple VOIs with multiple areas of contact with one another in effect, one is
dealing with a stack of binary VOIs. The challenge then is to generate smooth surfaces
that are faithful to the original segmentation. In the strictest sense for marching cube
based reconstructions, this requires the isosurfaces to be constrained to pass between
the ”in” and ”out” vertices and interpolation points both across conforming interfaces and
at the intersection between three or more parts need to be common to all VOIs. This
ensures that image based geometric and topological accuracy and a multi part smooth-
ing algorithm have been implemented based on a reworking of the algorithms proposed
by [92]. A significant drawback of the original marching cube algorithm is that it cannot
handle cases where more than two VOI meet (the so-called three-part junctions). This
is a more limiting restriction than it might appear at first since the background needs to
be considered as a part or VOI as well, for example, the intersection between two struc-
tures and the air cannot be reconstructed. However, two of the present authors (Young
and West) have extended the marching cube algorithm to handle the intersection of up to
eight different VOIs meeting at a junction (the maximum number that can meet in a Carte-
sian grid). This will be explained in more detail below where volume meshing based on
marching cubes is discussed.
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2.3.2 Automated unstructured three-dimensional mesh generation: traditional
techniques
Unstructured three dimensional mesh generation techniques can be broadly divided into
hexahedral (hex) and tetrahedral (tet) mesh generation. To date, no techniques have
been developed, which can robustly mesh a single VOI of arbitrary geometry and topol-
ogy with good quality hex elements let alone multiple VOIs. This is due to the strict nodal
connectivity requirements that effectively constrain the hex mesh structure to consist of
either stacks of elements or closed loops. Although techniques for hex meshing of CAD
geometries have been developed [8], [88], [59] they are rarely fully automated requiring
sometimes significant user interaction. To construct a pure hex mesh for the typically
complex geometries and topologies of natural structures using the current state of the art
in the field is difficult at best and often intractable. For a comprehensive review of tech-
niques for hex meshing, the reader is referred to the excellent paper by Blacker [10]. For
tet mesh generation, the two most common and widely adopted approaches to automated
unstructured mesh generation are the AF approach and Delaunay tetrahedralization.
Advancing Front
In the AF approach [76], [49], [62], [77], [63] an initial surface triangular discretisation is
used as the starting point and additional nodes are added on the inside of the domain
to generate a first layer of tetrahedra. This is then followed by another set of nodes
forming another layer of tetrahedra piggy backing on the first, hence the name AF. Clearly,
as the fronts move, there is a requirement to check whether the advancing fonts are
coming together and poor element qualities can result where the fronts collide. The
principal drawbacks are that success of the technique in generating meshes with low
distortion is dependent on (i) an initial high quality triangulated surface with appropriately
sized surface element distribution and (ii) having sufficient room to advance the front.
Generation of appropriate surface discretisation for the AF becomes nontrivial when the
surfaces are non manifold involving multiple domains.
Delaunay meshing
Delaunay meshing [16], [84] is an alternative technique that starts from a distribution of
points within a convex hull. A Dirichlet tessellation of the domain is generated; this con-
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sists of polyhedral cells (Voronoi cells) enclosing each distributed point and each of these
cell has the property that any point within the polyhedron is closer to its generating point
than to the generating point of any other polyhedron. Connecting the generating points
across the polyhedral boundaries results in a Delaunay tetrahedralization of the volume.
The tetrahedra generated using this process have the interesting property that spheres
circumscribing their vertices will not contain any other vertex point in the domain. The
tetrahedralization procedures used in practice are often based on the algorithm proposed
by Bowyer [11]: a tet or hex convex hull bounding an initial point distribution is defined, a
Delaunay tetrahedralization is carried out and additional points are introduced removing
all tetrahedra whose circumsphere encompasses the new point. The void created by the
deletion of these tetrahedra is then re-tetrahedralized by connecting all vertices on the
void faces to the new point and the process is then repeated with the introduction of a
new point. Clearly, mesh refinement can be relatively easily carried out by controlling the
spatial distribution and density of points. If the original defined bounding surface needs
to be recovered accurately, the mesh is then constrained to match the geometric surface
of the problem through a process of boundary recovery and in the process element qual-
ities can be prejudiced. In particular, Delaunay meshing is prone to generation of sliver
elements [16]. For a thorough review of both AF and Delaunay meshing techniques, the
reader is referred to the paper by Lohner [61] and a more recent review of Delaunay mesh
construction by Dyer [26].
2.3.3 Grid-based methods: voxel and volumetric marching cube (VoMaC) meshing
The meshing approaches described above depend on using a surface mesh as a start-
ing point. For image data, the surfaces used would generally be based on surfaces
extracted from a marching cube-derived approach but these surfaces may need to be
further processed for meshing to be successful and this processing generally involves
manual editing with a possible attendant loss of accuracy. Often what is required is man-
ual repositioning of only a very small percentage of all the mesh surface nodes, although
tractable with small models, it becomes quickly a daunting task with large three dimen-
sional meshes particularly with inner cavities and multiple parts. The meshing process
can be greatly simplified and made significantly more robust by either altogether bypass-
ing the surface generation stage (voxel approach) or tailoring the mesh generation to
the original surface generation method used thereby collapsing both volume and surface
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mesh generation into a single process (as in the VoMaC approach). Recent develop-
ments and challenges in this field will be discussed below.
2.3.4 Voxel approach
A simple direct approach first proposed by Keyak et al. [51] is to combine the geometric
detection and mesh creation stages in one process, a process which is often referred
to as the voxel method. Once the voxels have been appropriately classified using any
of a wide range of possible segmentation techniques into different masks (e.g. repre-
senting bone, muscle, tendons, etc.), these voxels are straightforwardly exported as hex
elements. This approach has a number of advantages: implementation is trivial; the
mesh is entirely made of hexahedra; element qualities are optimal (at least for isotrop-
ically sampled or resampled data); any number of different masks can be handled and
conformity of meshes at interface is intrinsically guaranteed. In addition, because the
meshing process is carried out directly from the imaging data, and there is a one-to-one
correspondence between parent image sample values and elements, it is easy to assign
inhomogeneous material properties to elements in one or more mesh domains based
on the parent image signal strength. This approach has been used with some success
to study the mechanical behaviour of cancellous bone [28]. There are, however, clearly
a number of drawbacks to the voxel method. First and foremost, the surfaces of mesh
domains, including interfaces where different domains meet, are clearly stepped. Be-
yond giving the models an unrealistic lego brick appearance, this will seriously prejudice
a number of physics-based simulation results in particular where processes modelled
are dependent on surface area (such as thermal transport, electromagnetic radiation and
chemical diffusion) as the surface area will be appreciably overestimated. One of the cen-
tral problems with the resultant inaccuracy in surface area is that it does not necessarily
improve with finer resolution obtained by better scanning or super sampling the image
data in effect, there is no guaranteed convergence to the correct surface area with mesh
refinement (e.g. for a sphere meshed as cubic voxels as the element side length over
radius of sphere ratio tends to zero, the ratio of the voxel mesh surface area to that of
a perfect sphere will tend to 3 · √3 ≈ 1.73 in other words, in the limit, the surface area
is overestimated by more than 70 %). Additionally, in structural mechanics, the stepped
boundary representation will preclude the analysis of sliding at mesh interfaces as the
mesh domains are effectively interdigitated. A second drawback is the lack of mesh size
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control. The basic approach does not adapt element size to features or allow for lo-
calised mesh refinement as the spatial discretisation is uniform over the whole domain
and is determined by the sampling rate. Although arbitrarily fine meshes can be obtained
straightforwardly by super-sampling the image data, where only localised refinement is
required this is a very inefficient approach and rapidly leads to very large and computa-
tionally intractable problems.
2.3.5 VoMaCs and extended VoMaCs
The marching cubes approach was adapted [70] for the generation of volume meshes
by having for each base case the surface hexahedral parent element discretized into
tetrahedra such that the surface faces were compatible with the marching cube faces, in
other words, for every base case rather than simply determine surface triangulations, a
complete tetrahedralization of the hexahedral volume is pre-computed and provided in a
lookup table. The technique has coined the VoMaCs and effectively combines most of
the advantages of the voxel-based method but overcoming the issue of having stepped
mesh surface definition. However, in one particular aspect, the VoMaC approach is not
an improvement on the voxel approach as it is applicable only to single mesh domains
(technically also nested and multiple spatially unconnected domains), inheriting this limi-
tation from the original marching cube surface extraction. Some of the disadvantages of
the VoMaC approach have been addressed by developing suitable schemes and algo-
rithms that have been implemented into a flexible mesher SCANFE [86] that is part of an
integrated image processing and meshing environment SCANIP [86].
Multi part meshing
Both the marching cubes surface generation approach and the VoMaC approach were ex-
tended by Young and West [104] to take into account intersection between three or more
parts. In Cartesian (voxelized) space, there are up to eight possible parts meeting at a
vertex and the nominal number of base cases to be solved increases from 256 to 4096. If
one starts with a five tetrahedral carving of a parent cube, the complexity is compounded
by the need to have a so-called black and white scheme in order to ensure not just nodal
but face connectivity at interfaces between tetrahedralized cubes this is deemed desir-
able to avoid incompatible displacement in structural finite-element analyses and is an
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absolute requirement for finite volume meshes. However, exploiting symmetries (rota-
tional, mirroring, etc.) the number of cases can be brought down to 70 fundamental base
cases. This development has allowed the extended VoMaC (EVoMAC) approach to have
all the advantages of the voxel approach overcoming the limitations of single part mesh-
ing inherent in the original VoMaC approach. Both the fully tetrahedralized cube and an
example terahedralization of a cube with an isosurface running through it are shown in
Figure 2.2.
Fig. 2.2: Tetrahedral base case for: (a) cube with all vertices in the object, i.e. no isosurface
running through the model and (b) a cube with single isosurface running through it.
Improving hex/tet ratio
The resultant meshes can clearly either be all tet or mixed hex tet. Internal voxels can be
converted to hexahedra rather than tetrahedralized providing that care is taken in gener-
ating a layer of transitional elements at the tet to hex interfaces. This can be achieved
using very simple transitional schemes including either combinations of pyramidal and tet
elements or, where supported, polyhedral elements (cells for CFD). In addition, the hex
tet ratio can be further improved by converting the surface tetrahedra (those cut by an
isosurface) to hexahedra for base cases that do not spawn additional nodes and thereby
maintain an eight-noded hexahedral topology and providing hex quality, as measured by
appropriate distortion metrics, is sufficiently high.
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Mesh density control
As previously discussed, one drawback of voxel-based approaches is the uniformity of
the element density throughout the mesh. A simple technique has been implemented to
reduce element numbers by coarsening the mesh away from boundaries. This is essen-
tially and octree-based approach and the process used is to identify and collect clusters
of eight voxels within the interior and collapse them into larger (2× 2× 2) elements with
appropriate transitioning tetrahedra to finer grid (Figure 2.3 ).
Fig. 2.3: Hex/tet ratio improvement and mesh coarsening techniques illustrated on cylindrical vol-
ume model: (a) original voxel mesh, (b) tetrahedralized using VoMaCs, (c) tetrahedral-
ized with internal hexahedral grid and surface tetrahedral elements resorbed, where pos-
sible, into hexahedra, (d ) same as in (c) but with octree-type decimation away from
boundaries.
The process can be repeated with clusters of eight larger hexahedra amalgamated,
always ensuring adequate transitions. The technique can be reasonably effective where
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there is a large volume to surface area ratio with a small voxel side length to character-
istic length ratio. Interestingly, it can be shown that this scheme will always reduce the
number of nodes (vertices) in the problem but may not always reduce the number of ele-
ments. Nonetheless, the approach is rudimentary and there is still a lack of appropriate
techniques for element size control in the current EVoMaC approach in order to better
capture geometric complexity, to better model field parameter of interest in a localised
region of interest and to more effectively decrease the element numbers.
2.4 Illustrative case studies
A number of short case studies will be carried out in order to illustrate some of the issues
raised and concepts discussed above and to demonstrate the range of problems which
can be treated robustly using the EVoMaC approach.
2.4.1 Open-celled foam structure: single part meshing
Although most three dimensional imaging techniques were initially developed for use as
patient diagnosis tools, they have been adopted in the materials research field for qual-
itative and quantitative characterisations of the micro-structural behaviour of a range of
natural and man made materials including bioscaffolds. More recently, the use of these
images as the basis for generating finite element and finite volume models for use in
physics based simulations has gained ground [9], [100] ,[72], [3].
Imaging and segmentation High-resolution three-dimensional micro-CT scan data of a
scaffold structure were obtained, and the data were straightforwardly segmented using
threshold and flood fill tools in SCANIP [86].
Mesh generation and quality comparison A three-dimensional triangulated surface mesh
using the marching cubes implementation in SCANIP [86] was generated and exported
as an STL file for meshing within GAMBIT (Delaunay based mesher [27]) and the same
surface mesh was exported to ABAQUS [1] for volume meshing using their AF mesher. In
addition, a three dimensional volumetric mesh was generated using EVoMaC techniques
implemented in CSCANFE [86] and exported as an ABAQUS input deck (.inp) as well as
a FLUENT [27] format file (.msh). Mesh qualities based on metrics provided by ABAQUS
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CAE were used to compare the EVoMaC with the AF-generated meshes and the results
are given in Table 2.1.
Advancing Front EVoMaC
number elements 173 181 127600
number nodes 36 678 26 200
shape factor % elements < 0.1 2.5% (4319) 0.11% (143)
% elements < 0.04 1% 0%
worst shape factor 0.0000001 > worst 0.04
aspect ratio average 2.2 1.9
worst aspect ratio 70 5
face corner worst maximum angle 174 139
worst minimum angle 0.6 12
Tab. 2.1: Comparison of distortion metrics for mesh generated using EVoMaC (SCANFE, [86])
and using an AF approach [1]. (EVoMaC mesh was imported into ABAQUS and the
mesh verification tool in ABAQUS CAE was used to generate mesh statistics).
The meshed structures are shown in figure 2.4 with shape factors falling below a
threshold of 0.04 highlighted for the AF mesh.
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Fig. 2.4: Foam samples meshed using (a) EVoMaC and (b) AF approaches. Surface tetrahedra
with shape factors below 0.04 flagged on surface of mesh. (cf) Full foam model at various
stages of compression resulting from impact loading simulation in LS-DYNA [65].
Although the AF successfully meshed the domain, the mesh quality was very poor
with element side ratios as high as 70. In Figure 2.5, the cell squish distribution, a
measure of cell quality for CFD applications, for the Delaunay meshed volume is plotted
against the results obtained from the EVoMaC approach and again the latter approach is
seen to provide a better quality mesh.
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Fig. 2.5: Comparison of distribution of Cell Squish Index (1 is poor, 0 is good) for mesh generated
using EVoMaC (SCANFE,[86]) and using a Delaunay tetrahedralization (GAMBIT, [27]).
EVoMaC mesh was imported into FLUENT and the mesh verification tool in FLUENT [27]
was used to generate mesh statistics. Dashed line, Delaunay; dotted line, EVoMaC).
A range of different quality metrics were checked but due to space limitations the
results will be omitted here.
Analysis A model based on a larger sample was generated using EVoMaC in order to
carry out dynamic and quasi-static nonlinear finite element analysis using the software
package LS-DYNA [65] to simulate large deformations using and explicit solver. The
full-size EVoMaC model was compressed between two rigid platens and foam to foam
contact was modelled using a self contact algorithm with zero friction. The finite element
analysis simulating compression (approx. 85% strain) took over 8.5 hours on a dual Intel
Xeon processor PC cadenced at 2.8 GHz and the foam at various stages of compression
is shown in Figure 2.4.
2.4.2 Instrumented hip: multipart modelling
Imaging and segmentation A CT scan of in-plane resolution 0.77 mm and slice-to-slice
separation 1 mm was resampled isotropically to 1 mm in all directions using linear inter-
polation, a metal artefact reduction filter was applied and six masks were segmented in
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SCANIP [86] as shown in figure 2.6 using a combination of thresholding, flood filling and
manual painting.
Fig. 2.6: SCANFE meshes: full model (proximal femur, hemi-pelvis, acetabular cup and cement
bed, implant and cement mantle) shown (a) opaque and (b) transparent. (c) Small sub-
set of model used for comparative mesh generation using EVoMaC, AF and Delaunay
approaches.
Mesh generation and quality comparison Multi part surface meshes (in STL format for
GAMBIT and as multiple surface triangular element input deck for ABAQUS) were ex-
ported for a small subset of the data in order to compare image based meshing of multiple
domains including three-part intersections with different meshing algorithms. The surface
meshes used as a starting point for volume meshes in GAMBIT [27] and ABAQUS [1]
were generated using algorithms implemented in SCANFE [86] and were smooth, of high
surface element quality and perfectly conforming. A full volumetric mesh was also gener-
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ated based on the same data and conforming to the same surface mesh in SCANFE and
is shown in Figure 2.6 c (note that the surface faces shown on this mesh, which are iden-
tical to the input surface meshes, used in GAMBIT and ABAQUS). Both ABAQUS and
GAMBIT failed to mesh the multi part surface meshes with volume meshes: in ABAQUS,
errors occurred at the location of the three-part junction even after selecting the different
subsets of the image (but keeping three part junction problem; Figure 2.6 c). Clearly,
such three-part problems can be, and are indeed routinely, meshed using AF and Delau-
nay algorithms, however, not usually starting from a surface discretisation generated from
image data. Again, undoubtedly, the multi part triangulated surface could be modified or
remeshed to allow meshing using these algorithms. However, it is unclear how this can
be done robustly and automatically using current state of the art (i.e. given arbitrary multi
part segmented image data can surfaces be generated which are guaranteed to be me-
shable using AF and Delaunay). This is where the EVoMaC approach excels; regardless
of the geometric and topological complexity and the number of segmented VOIs, the data
can be meshed robustly and accurately. This is as a direct result of the fact that with the
EVoMaC approach adequate element qualities are in effect ensured a priori as they all
are based on a finite pool of mesh discretization cases (the base cases).
Convergence study There is an important and fundamental difference between meshes
generated from CAD data and meshes generated from reverse engineering image data.
In the case of CAD data, the geometric accuracy of the solid model is usually not in
question. In order to ensure that simulation results have converged, the field parameter
of interest, for example, the stress at a point, is plotted for meshes of increasing density
(or meshes using higher order elements) until the numerical predictions are shown to
be relatively insensitive to further refinement. Alternatively, more sophisticated, and less
computationally expensive, methods of ensuring convergence of finite-element analysis
results can be applied. As with CAD-based models, this check must also be carried out
for image-based models, however, there is a further need to ensure that the simulation
results are not affected by inaccuracies in the recovery of the geometry, and possibly
topology, of the original physical object from the image data. Indeed, unlike for CAD,
in image-based models, the geometry is inferred approximately from a finite number of
sampling points. It is therefore very important to ensure that the simulation results, the
field parameters of interest, are not just insensitive to mesh density but also to the image
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sampling rate this could be termed convergence to geometry. In order to carry out a mesh
density convergence, the original CT data were resampled to produce a number of differ-
ent FE models with resolutions from 1 mm (219 470 nodes) to 2.5 mm (22 286 nodes),
a model was also produced from the 2 mm (39 337 nodes) model using higher order
elements (267 664 nodes). The models were then simulated under four-point bending
and strains were analysed across four areas that corresponded to the areas of the strain
gauges used for comparison between the experimental sample and FE models. As the
sampling rate is increased to produce a higher resolution image, both the mesh density
and the geometrical accuracy of the models are increased. This produces a dual con-
vergence to both the field parameter of interest and the geometry. An acceptable level of
convergence was demonstrated with an average of 0.49 % difference in strains between
models with 219 470 and 164 737 nodes. The model produced with higher order ele-
ments showed an average difference of 5.8% between 39 337 and 267 664 nodes, with
the same geometry. This suggests that the strain is relatively insensitive to the mesh den-
sity and more heavily influenced by the geometrical accuracy. Numerical convergence
studies provided strong evidence of the robustness of the solutions obtained. Models
with significantly different mesh densities and based on different image resolutions were
generated and good agreement was obtained between stress and strain responses in all
the different constituent components of the model (bone, cement, cup and implant). In
effect, this provides a degree of confidence that numerical results obtained were neither
prejudiced by the approximations in the representation of the field parameter variation
throughout the system nor the inherent approximation in the geometric representation of
the mesh domains. Interestingly, this also forms a check that the variation in the inho-
mogeneity in the material properties of the bone is captured-modelled at a fine enough
resolution not to prejudice the results. However, although these checks of the validity
of the simulation results are necessary conditions for ensuring the validity of the model,
they are not sufficient as any errors in assumed boundary conditions, loads, Hounsfield
to Youngs modulus mapping function would all influence the results significantly.
Metrology study The relationship between the scan resolution and the dimensional ac-
curacy of FE models was explored. Measurements were taken at 14 different locations
on a cadaveric femur and compared with FE models produced from a CT scan of the
same femur. The original CT data were resampled to produce a number of FE models
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with isotropic resolutions between 0.8 and 2.5 mm. It was shown that the dimensional
difference between the physical specimen and the FE models produced from scans of the
specimen is within two times the resolution of the scan data, with an average difference
of 0.8 times the scan resolution.
2.4.3 Head model: multi part and topologically complex meshing
As a final illustration of the potential of the EVoMaC approach for generating sophisticated
finite-element meshes from high-resolution image data, a three dimensional T1-weighted
acquisition of the head and neck of a young male (26 years of age) was obtained . The
head and the neck were segmented into 22 different masks including skull, cerebrospinal
fluid, grey and white matters, cerebellum, eyes, orbital fat, intervertebral discs, vertebrae,
fat, muscle and skin (figure 2.7).
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Fig. 2.7: Full volumetric reconstruction from in vivo MRI scan shown in (a). (bd ) are different views
of full three dimensional volume finite-element reconstruction using EVoMaC approach.
Element boundaries are not shown for the sake of visual clarity.
Material properties can be assigned to this model based on signal strength for each of
the different masks. Segmentation was carried out in SCANIP [86] using a combination
of techniques including thresholding, flood filling, manual painting as well as application
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of level set methods for the extraction of certain structures. Again surface meshes were
generated from the same voxel segmentations and were submitted for meshing using
AF and Delaunay meshers in ABAQUS [1] and GAMBIT [27]), respectively, but this was
entirely unsuccessful. By contrast, the model was meshed automatically without requiring
any modification of either the segmented data or the surface reconstruction. In other
words, this is the key strength in the EVoMaC approach as applied to imaging data, once
segmentation has been effected on the data, the process to a mesh is entirely robustly
accurate to the segmentation and automated.
2.5 Conclusions
Although a wide range of mesh generation techniques are available, these on the whole,
have not been developed with meshing from segmented three-dimensional imaging data
in mind. Meshing from three-dimensional data presents a number of challenges but also
unique opportunities so that a conceptually different approach can provide, in many in-
stances, better results than traditional approaches. In this work, we use a methodology
based on VoMaC but addressing some of the limitations of that approach and in partic-
ular extending its use to meshing segmented data with an arbitrary number, as well as
arbitrary spatial distributions, of VOIs. A simple approach to reducing the number of el-
ements using an octree decimation scheme has been implemented as well as a method
of further improving hex-to-tet ratio using resorption of surface tets, where possible, into
hex elements. The technique was shown to reliably and robustly provide good quality
meshes for both relatively simple domains through to complex problems with multiple
VOIs. In the case of modelling complex topologies with potentially hundreds of discon-
nected domains representing for example inclusions in a matrix approaching the problem
via CAD-based meshing approaches becomes increasingly more difficult. Indeed, using
a CAD-based approach, each of the domains would need to be converted to an appro-
priately conditioned network of surface representations suitable for meshing, this would
require ensuring the connectivity between multiple domains including domains potentially
at the intersection between two or more domains as well as non-manifold volumes (i.e.
volumes in which the domain is not described by a single surface). By contrast, treating
the problem using grid-based meshing approach is remarkably straightforward, robust,
accurate and efficient. Indeed, once segmentation of the different phases present in the
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image has been carried out, a mesh can be generated automatically which is of image
based accuracy with domain boundaries of the finite element model lying exactly on the
isosurfaces. The different case studies presented demonstrate the potential across a very
wide range of problems from the generation of structural properties of scaffolds through
to generating a model of a complete human head. In spite of their complexity and so-
phistication, full FE simulations were carried out on inexpensive and commonly available
hardware platforms. The ease and accuracy with which models can be generated opens
up a wide range of previously difficult or intractable problems to numerical analysis.
3. MECHANICS OF OPEN CELLED FOAMS
Computational models can offer more realism than analytical models but they do not pro-
vide the same insight into the relationship between different parameters and the response
of the system. This chapter first reviews an analytical bending based model of deforma-
tion in open cell micro-structures and then, extending the theory with axial deformation,
attempts to provide a methodology for inferring the relative contribution of bending and
axial deformations from computational results. The approach is tested initially on ide-
alised geometries and finally on a topology obtained from tomographic imaging of an
open celled foam micro-structure.
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3.1 Introduction
There are a number of mechanisms which determine the structural deformation under
loading of open celled foams. There is a wide range of analytical models in the published
literature which describe the behaviour. The vast majority of models proposed to date are
based on the assumption of idealised repeating unit cells constructed from basic beam
elements with one or more of the following deformation mechanisms included: bending,
axial, buckling, shear and twisting. In many cases reasonable agreement over a range
of parameter values has been obtained when comparing results from these analytical
solutions with experimental data but when applied to real foams they often involve the
use of calibration values which depend on the particular topology and which need to be
obtained from experimental tests. As reported in their book [31], Gibson and Ashby affirm
that there is a considerable, but sometimes rather confused, literature on the mechanics
of foams. Several works, such as Warren and Kraynik [99], Zhu et al. [106], San Marchi
and Mortensen [80], Roberts and Garboczi [78] Gong et al.[33] and Jang et al. [47] in-
crease the details of the mechanisms but are based on geometries which are not real and
then give results for specific conditions, others are so complex that they fail to inform for
the most general cases. Experimental tests on their side are not the easier and trustful
approach for analysing micro-structures (hard reproducibility, low accuracy, high cost and
time consuming) [55]. Comparison with computational studies has been done using sim-
plified and regular geometries which don’t reflect reality. Inverse modelling, based on the
use of image based techniques and computational analysis, could represent the future
in understanding the complex mechanics which governs cellular solids. High accuracy
models, possibility to reproduce exactly the same boundary conditions, non destructive
evaluation and minimum time consuming are the bases of this kind of approach.
3.2 General properties and basic mechanisms
A typical open-cell foam (elastomeric and elasto-plastic) compressive stress-strain curve
shows ”linear elasticity” at low stresses followed by a long ”collapse plateau”, truncated
by a regime of ”densification” in which the stress increases rapidly (Fig. 3.1).
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Fig. 3.1: Generic stress-strain curve with the three regimes for an elastomeric foam [31].
Ashby and Gibson [31] sustain in their model that linear elasticity is controlled by cell
wall bending; the Young’s modulus, (E*) is the initial slope of the stress-strain curve. The
plateau is associated with collapse of the cells by elastic buckling in elastomeric foams;
by the formation of plastic hinges in a foam which yields. The densification occurs when
the cells have almost completely collapsed and the opposite cell walls touch. Bend-
ing, compression, buckling, shear and torsion are the principal mechanical actions which
control the deformation of low relative density open cell foam architectures with bending
dominating in the elastic region particularly for very low values of density.
3.2.1 ”Gibson and Ashby” pure bending model
Gibson and Ashby’s book [31] gives an excellent review of the state of the art as well
as the derivation of basic analytical models of the mechanics of cellular materials which
provide insight into the influence of different basic parameters of the unit cells on the
structural behaviour. Their models and approach have become the basis of many studies
done on cellular solids and their basic approach to the derivation of the effective stiffness
of an open cell foam in the elastic regime will be given below here as it forms the basis
of the proposed approach. For low values of relative density the deformation in open
cell micro-structures is predominantly determined by cell-wall bending. The contribution
of simple extension or compression of the cell walls becomes more relevant when the
relative density value increases. The most schematic way to model an open-cell foam is
assuming it as a cubic array of members of length ”l” and square cross-section of side ”t”
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as shown in Figure 3.2:
l
t
Fig. 3.2: Gibson and Ashby illustrative unit cell.
The cell shape in real foams are, certainly, more complex, but if they deform and fail
by the same mechanisms, their properties can be understood using dimensional argu-
ments which omit all constants arising from the specific cell geometry. Starting from the
characteristic properties of cellular solid, the relative density is given by:
ρ∗
ρs
(3.1)
( the density, ρ∗, of the foam divided by that of the solid by which it is made, ρs). The
fraction of the pore space in the foam gives its porosity; it is simply:
(
1− ρ
∗
ρs
)
(3.2)
The majority of cellular solids have relative densities of less than about 0.3; most are
much less as low as 0.003. When non-dimensionalised on the parent material elastic
properties, it is the topology and morphology of the cells which determine the linear elas-
tic properties of the resultant foam. The relationship between relative density and cell
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dimensions , assuming a cell edge length equal to ”l” and the cell wall thickness to ”t”, for
structures having t << l can be approximated by:
ρ∗
ρs
= C
(
t
l
)2
(3.3)
where C is a numerical constant that depends on the details of the cell shape [31]. When
the relative density is higher these simple expressions overestimate the density because
of ”double-counting”: the corners of open cells are counted twice. Because of their com-
plex and irregular geometry the relative density correction is not easy to calculate. On
dimensional grounds the vertex-corrected density of open-cell foams must have a form:
ρ∗
ρs
= C
(
t
l
)2(
1−D
(
t
l
))
(3.4)
where D is another numerical constant depending on the cell geometry. The different con-
stants can be only determined for regular, space-filling structures. The second moment
of area I of a member, is also related to the dimension ”t” by:
I ∝ t4 (3.5)
The Young’s modulus of the foam is calculated from linear-elastic deflection of a beam of
length ”l” loaded at its midpoint by a load F. Standard beam theory (e.g. Timoshenko [94])
gives this deflection, δ, as proportional to Fl3/EsI, where (Es, is the Young’s modulus for
the material of the beam). When a uniaxial stress is applied to the foam so that each cell
edge transmits a force F, the edges bend, and the linear-elastic deflection of the structure
as a whole is proportional to Fl3/EsI. The force, F, is related to the remote compressive
stress, σ, by F ∝ σl2 and the strain  is related to the displacement δ, by  ∝ δ/l. It follows
that Young’s modulus for the foam is given by
E∗ =
σ

=
C1EsI
l4
(3.6)
from which using equations 3.3 and 3.5:
E∗
Es
= C1
(
ρ∗
ρs
)2
(3.7)
where C1 includes all the geometric constants of proportionality. This is the modulus at
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small strains. As the elastic torsion increases, the axial load on a cell edge (which we
shall call N) increase too. In the case N reached the Euler load NCritic, for the edge, it
buckles. But even before it buckles the axial load exerts an additional moment (which till
now we have neglected) on the bent edge. In compression this beam-column interaction
lowers the module (E∗), in tension it increases it. So the part of the stress-strain curve that
we have called ’linear-elastic’ is not truly linear, but is concave downwards. The analysis
of E∗ contains a number of approximations. The way the density is calculated double-
counts the cell corners and the axial and shear displacements of the cell walls have been
neglected because they are usually small compared with the bending displacements.
3.2.2 Bending and Axial deformation model
The model given above will be now extended by including axial deformation but still ne-
glecting shear, twisting and buckling. The inclusion of the axial component is thought to
give a more accurate description of the mechanics of open cell structures during defor-
mation [33]. When speaking of stiffness we refer to the idea of a ”spring”, that under the
action of a force P, lengthens or shortens of an amount (elongation) δ and its final length
becomes L+ δ. If the material of the spring is linearly elastic, the load and the elongation
will be proportional as expressed in Equation 3.8:
P = kδ (3.8)
where k is a constant of proportionality called ”stiffness” and is defined as the force re-
quired to produce a unit elongation. For a prismatic bar of length ”l” ,the elongation δ of
the bar, due to an applied load P, is given by:
δ =
Pl
EA
(3.9)
where A is the section area of the bar. When speaking of cellular solid, in order to
compare the results with that present in literature, the approach and the parameters of
interest utilised in describing the micro-structure will follow that previously used in other
works. We assume that the cellular structure is contained in a cubic box of side length L.
Rather than stiffness the open celled foam will be investigated in term of global Young‘s
modulus and parent material Young‘s modulus ratio E∗/Es. To determinate this value we
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calculate the Young’s modulus of the model as ratio of the global stress again the global
strain:
E∗ =
σ∗
∗
(3.10)
The global stress σ∗ is calculated dividing the load applied (P) by the top surface of the
ideal box in which the open celled structure is contained:
σ∗ =
P
L2
(3.11)
The global strain ∗ is defined by the ratio of the global elongation against the side length
of the cube:
∗ =
δ∗
L
(3.12)
The global elongation δ∗ is given by the sum of axial compression elongation δA and
bending deflection δB:
δ∗ = δA + δB (3.13)
Assuming that the open celled foam ribs can be schematised in prismatic beams, the
axial elongation due to a compression load N acting on the top surface a = t2 for a single
beam is equal to:
δA = α
PL
Est2
(3.14)
where the coefficient α contains the scale factor between the length ”l” of the prismatic
beam and the global length L of the box, the scale factor between the load acting on the
beam, N, and the global load P acting on the top surface of the box and the value which
correlate the dimension t2 with the shape factor (n) of the cross-section. The deflection
due to bending under the same external condition and for the same prismatic beam,
assuming the beam to behave following the Timoshenko model [94] is given by:
δB =
PL3
EsI
= β
PL3
Est4
(3.15)
where I is the inertia moment and the coefficient β, like the coefficient α, contains all
the scale factors between the global system (box) and the local system (beam) plus the
parameters related to the different kind of external conditions under which the beam is
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loaded. The global elongation given by equation 3.13 becomes:
δ∗ =
αPLt2 + βPL3
Est4
(3.16)
From the global elongation δ∗ the global strain ∗ is derived:
∗ =
δ∗
L
= β
αPt2 + βPL2
Est4
(3.17)
If we express the relationship between the relative density of the cellular solid and the
parent material in term of struts thickness and box length we obtain:
t2
L2
= γ
ρ∗
ρs
(3.18)
where γ is a constant dependent on the micro-structure geometry. Substituting in equa-
tion 3.10 equations 3.11, 3.17, dividing all by L4 and substituting in the results equation
3.18 it results:
E∗
Es
=
γ2
(
ρ∗
ρs
)2
αγ
(
ρ∗
ρs
)
+ β
(3.19)
dividing everything by β, the variables of the model can be reduced to a = αγβ and b =
γ2
β
which results in:
E∗
Es
=
b
(
ρ∗
ρs
)2
a
(
ρ∗
ρs
)
+ 1
(3.20)
If bending is assumed to be the only mechanism involved during deformation, then the
parametric model becomes:
E∗
Es
=
γ2
β
(
ρ∗
ρs
)2
= b
(
ρ∗
ρs
)2
(3.21)
In this case the coefficient b corresponds to the coefficient C1 proposed by Gibson [31] in
Equation 3.7. α, β and C1 are numerical constants with no physical meaning. The con-
tribution of the axial and bending mechanisms to the global deformation of the structure,
as function of the relative density, is given by:
A
A + B
=
a
(
ρ∗
ρs
)
a
(
ρ∗
ρs
)
+ 1
(3.22)
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B
A + B
=
1
a
(
ρ∗
ρs
)
+ 1
(3.23)
Two parametric models characterised by different mechanisms of deformation have been
defined in this paragraph and will be solved for three different micro-structures using a
new numerical approach.
3.3 Inverse modelling approach
The model proposed by Gibson and Ashby represents a very robust guideline for analysing
open celled foams and making any improvements is a big challenge. Several other mod-
els have been proposed since they published their results but no radical changes have
been done. Gong et al. [33] and Jang et al. [47] in interesting and hard works developed
very detailed analytical models of open celled foams considering the effect of ligaments
non uniformity, anisotropy and accurate relative density correction. Beams elements, in
which shear stress was considered have been utilised for discretizing the computational
models representing the structures investigated. The numerical analyses increase in
complexity. One model is a perfectly ordered foam containing Kelvin cell. The second
model consists of irregular Kelvin cell made by randomly perturbing the nodes. The third
model represents a realistic random foam and is generated using Surface Evolver soft-
ware. The geometric and physical parameters of the models are based on the values
measured from the original foam samples. Their prediction, numerical and analytical,
agree quite well with the experimental values. Experimental techniques have been the
source of all the real data regarding open celled foams. Brezny and Green [13] affirm
that the experimental measurement of struts strength introduces errors of roughly 50%
and even if the experimental techniques have been largely improved from that time, the
microscopic size of cellular solid still rises big problems in the physical characterisation of
their mechanical properties. The advent of high resolution micro-CT scanner and image
based techniques provides the basis for a very new approach, the ”inverse modelling ”.
Starting from micro-CT images and supported by the image based meshing it’s now pos-
sible to reproduce computational models of open celled foams as detailed as accurate
the images are. This avoids all kind of approximations in designing real micro-structures
topology and guarantees high accuracy and reproducibility with no errors due to instru-
mental sensibility.
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3.3.1 Method
Testing the new Axial-Bending parametric model, on a real open cell foam topology, for
inferring the relative contribution of bending and axial deformations from computational
results utilising the inverse modelling approach, requires a specific procedure. The main
idea is considering the cellular solid contained in a ideal black box of which are known
the geometrical sizes (cube of lateral size L) and the load (or displacement) applied to
the top. From these informations, the computational results and the relative density of
the material system contained in the box we will try to mechanically characterise the
micro-structure and quantify the bending and axial contribution to the global deformation
at different values of relative density. The topology analysed (simple analytical unit cell
or complex real topology), starting from an initial value (low value) of relative density, is
modified in order to preserve the geometry and change its volume and as consequence
its relative density (∆ρ). CAD is utilised for generating accurate models of analytical
geometries and Image Based Processing is adopted for the generation of tomographic
image based models of real open cell foams. The relative density value is modified
using CAD tools for regular geometries and image based morphological filters for the real
irregular structures. Stiffness values E
∗
Es
are numerically calculated for different relative
densities (ρ+ ∆ρ) and utilised for solving the equations system generated for the Axial-
Bending model using Equation 3.20:

E∗
Es
=
b
(
ρ∗
ρs
)2
a
(
ρ∗
ρs
)
+1
E∗(ρ+∆ρ)
Es
=
b
(
(ρ+∆ρ)∗
ρs
)2
a
(
(ρ+∆ρ)∗
ρs
)
+1
(3.24)
For the pure Bending model proposed by Gibson, a single value of E
∗
Es
is enough for
calculating the parameter C1 when using equation 3.7. The solutions of these systems
provide the values of coefficients a, b and C1 (Eq: 3.25, 3.26, 3.27) of the Axial-Bending
and pure Bending parametric models:
a =
EDρ
2 − Eρ2D
ρρD(EρD − EDρ) (3.25)
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b =
EED(ρ− ρD)
ρρD(EρD − EDρ) (3.26)
C1 =
E
ρ2
(3.27)
where for simplicity E represents E∗Es , ED indicates
E∗
Es
calculated for the model of mod-
ified relative density (ρ+∆ρ)
∗
ρs
, indicated as ρD and ρ
∗
ρs
is represented by ρ. From these
parameters the mechanical behaviour, in term of stiffness and deformation mechanisms
contribution (Eq: 3.22, 3.23), can be predicted for the geometry considered at any values
of relative density. This innovative approach before being applied on a real Polyurethane
open cell foam has been tested on a simple cubic unit cell, that adopted by Gibson and
Ashby for developing their relationship and a single Kelvin cell. These different geome-
tries, intended as single structures, not as unit cell of 3D periodic structures, have been
selected to test if the parametric model developed was able to quantify the different con-
tribution of axial compression and bending mechanism in the global deformation.
3.3.2 Cubic cell
In Figure 3.2 has been presented the single unit cell proposed by Gibson and Ashby
[31] as illustrative case for deriving the equations of linear elasticity. Its simple geometry
makes it a good starting point for testing the new parametric model, that, like previously
described, will consider bending and axial compression as the two mechanisms responsi-
ble for the micro-structure deformation in the linear elastic regime. The simple geometry
allows to solve analytically the case of an external mechanical load applied on the top
surface of the cube in which ideally the cubic cell is contained. The analytical results are
utilised to verify the numerical simulation output. Once the FEA model is validated, the
parameters ”a” , ”b” and ”C1” (3.25, 3.26, 3.27) of the parametric models are calculated
using the numerical results obtained for different values of relative density.
Analytical analysis: static mechanics
The relative density of the cubic cell having side length ”l” and cross section t2 (Fig:3.2),
assumed to be contained in an ideal box, is given by:
ρ∗
ρs
=
9
4
(
t
l
)2
(3.28)
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from which: (
t
l
)2
=
4
9
ρ∗
ρs
(3.29)
A load P is applied on the top of the cell and the bottom is constrained in the direction
of the load, the sides are let free to move in all directions, no symmetry conditions are
considered (the cubic cell is analysed as a single structure, no as unit cell of a periodic 3D
array). Because of the symmetry of the structure the static analysis, focused to calculate
the total deflection of the structure, can be done on the front face of the unit cell adopting
opportune conditions. Dissembling the front face in single bars, treating these bars like
Timoshenko beams, for the bending analysis, and apply the method of ”superimposition”
for statically indeterminate structure, we obtain that the global deflection, due to bending
and axial compression, is equal to:
δtot =
5
32
Pl3
Et4
+
3
4
Pl
Et2
(3.30)
The global stress (σ∗) necessary for calculating the global Young’s modulus of the struc-
ture is equal to P
4l2
and being the global deformation (∗) equal to δtot2l , utilising Equations
3.29 and 3.30 the Young’s modulus of the unit cell, normalised by the Young’s modulus
of the parent material, is given by:
E∗
E
=
256
405
(
ρ∗
ρs
)2
64
45
(
ρ∗
ρs
)
+ 1
(3.31)
In the case that only bending mechanism is assumed responsible for the deformation of
the unit cell, equation 3.31 becomes:
E∗
E
=
256
405
(
ρ∗
ρs
)2
(3.32)
The values calculated in 3.31 and in 3.32 for a range of relative densities will be compared
with the numerical results.
Computational analysis
The same cubic cell has been modelled in Abaqus [1] for a range of different relative den-
sity values. Same boundary conditions and material properties assumed in the analyti-
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cal model have been considered and a displacement, defined to generate a deformation
equal to 5%, has been applied on the top surface. The parent material has been assumed
to be perfectly linear elastic with a Poisson’s coefficient equal to 0.3. The simulations have
been run using the Standard modality. To ensure the validity of the numerical results a
convergence study has been done to select which value of discretisation would better
approximate the exact solution (Fig 3.3).
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Fig. 3.3: Convergence study run in Abaqus for the cubic cell.
The number of three millions elements has been adopted for modelling the compu-
tational geometry and guaranteeing valid results beside acceptable computational cost.
E*/E has been calculated in the linear elastic regime for the cubic unit cell at different val-
ues of relative density using the analytical Axial-Bending model, the pure Bending model
and the FEA model (Fig: 3.4)
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Fig. 3.4: E*/E calculated with analytical models and FEA model, zoom in (a) and full domain (b).
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As shown in Figure 3.4 the pure Bending model fits almost perfectly the numerical
results for relative densities minor than 0.07 but diverges for higher values reaching an al-
most 35% error for relative density equal to 0.3. On the other side the Axial-Bending model
is less accurate (error contained within the 5% for low values of relative density φ < 0.1)
but keep this minimum difference for the higher values of relative density. The imperfect
matching between analytical and numerical results must be attributed to the mechanical
assumptions of the computational model which considers as well torsion as mechanism
of deformation. An explanation is required for describing why the Axial-Bending model
results slightly less stiff than the computational, which having a major number of degree
of freedom should result slightly more flexible. The answer is in the assumption done for
the analytical model considered in the static analysis. The analytical analysis considers
the struts as single beams and for increasing values of relative densities the mechanical
equations are always applied to the single beam without considering that at the corners,
where different struts meet, the increased thickness of the beams reduces the effective
length (L > L′) of the strut subjected to bending (Fig. 3.5).
L’
L
Fig. 3.5: Effect of increasing relative density on the analytical model, L > L′.
Once have found a good correspondence between the analytical and numerical re-
sults, these last will be used to determinate the coefficients ”a” , ”b” and ”C1” of the
parametric models Axial-Bending and pure Bending. If for calculating the parameter ”C1”
of the model characterised by the single bending mechanism it’s enough to know just a
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single value of E
∗
Es
and ρ
∗
ρs
(
c =
(
E∗
Es
)
(
ρ∗
ρs
)
)
, for the calculation of the parameters a and b it’s
necessary having two values of E
∗
Es
for different relative densities. For simple geometries,
like the cubic cell or the Kelvin cell, generating models with different values of relative
density is not an issue, but when speaking of complex real micro-architectures, like open
cell foams, it becomes a problem. When in the further section the same study will be
conducted on an real open celled structure, the potentiality of the image based method
will be enlightened. In tables 3.1 and 3.2 are presented the values calculated for the co-
efficients a, b and C1 utilising Equations 3.25, 3.26, 3.27 and respectively the analytical
and the numerical E
∗
Es
results.
∆ρ∗ a b C1
0.009801-0.020736 1.422222222 0.632098765 0.632098765
0.020736-0.030276 1.422222222 0.632098765 0.632098765
0.030276-0.040401 1.422222222 0.632098765 0.632098765
0.040401-0.050625 1.422222222 0.632098765 0.632098765
0.050625-0.060516 1.422222222 0.632098765 0.632098765
0.060516-0.07001316 1.422222222 0.632098765 0.632098765
0.07001316-0.08037225 1.422222222 0.632098765 0.632098765
0.08037225-0.09 1.422222222 0.632098765 0.632098765
0.09-0.099225 1.422222222 0.632098765 0.632098765
0.099225-0.1521 1.422222222 0.632098765 0.632098765
0.1521-0.2025 1.422222222 0.632098765 0.632098765
0.2025-0.251001 1.422222222 0.632098765 0.632098765
0.251001-0.298116 1.422222222 0.632098765 0.632098765
0.298116-0.400689 1.422222222 0.632098765 0.632098765
Tab. 3.1: Coefficients a, b and C1 calculated fitting the parametric equations with the analytical
results.
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∆ρ∗ a b C1
0.009801-0.020736 1.397100015 0.676023954 0.666892214
0.020736-0.030276 1.291272668 0.67458223 0.656990757
0.030276-0.040401 1.328345381 0.675310903 0.649201958
0.040401-0.050625 1.377781694 0.676590988 0.640915237
0.050625-0.060516 1.489549297 0.680169684 0.632475684
0.060516-0.07001316 1.465927191 0.679277769 0.623927851
0.07001316-0.08037225 1.573918095 0.683935591 0.616049976
0.08037225-0.09 1.52422732 0.681510845 0.607133593
0.09-0.099225 1.552283922 0.683024131 0.599298765
0.099225-0.1521 1.47393181 0.678422704 0.591862317
0.1521-0.2025 1.556967151 0.685421857 0.554183141
0.2025-0.251001 1.517104148 0.681215242 0.521120073
Tab. 3.2: Coefficients a, b and C1 calculated fitting the parametric equations with the computa-
tional results.
∆ρ∗ represents the two values of relative density utilised in the analytical/computational
analysis for calculating the respective parametric coefficients a, b and C1 . The values of
a, b and C1 , calculated using the numerical results are not exactly the same, but show
to be coherent among themselves and close to the values calculated using the analytical
results (average value of a=1.447433739, b=0.678885 and C1=0.628475). The curves
generated fitting the parametric models Axial-Bending and pure Bending with the coeffi-
cients (average values) computed from the computational results are presented in Figure
3.6 and compared with the numerical results.
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Fig. 3.6: E*/E numerical results compared with the predictions computed using the parametric
models.
The Axial-Bending model fits perfectly the computational results when the Bending
models results to be less accurate for higher values of relative density. The contribution
of axial and bending mechanisms to the global deformation is shown in Figure 3.7 and it
has been calculated using Equation 3.22 and 3.23 and the average value of parameter a
(a =1.447433739).
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Fig. 3.7: Axial and bending contribution (%) calculated for the cubic cell utilising the Axial-Bending
parametric model.
The new parametric model allows to quantify the deformation mechanisms involved
in the mechanical event.
3.3.3 Kelvin Cell
Representing the real geometry of an open celled foam with a cluster of regular open cell
geometries is possible but unreal. Several attempts have been done using different unit
cells [25], [52], [106], [78], [33], [47] and the common result is that the tetrakaidecahedral
unit cell is the geometry which better represents the single cell of an open celled foam.
Jang at al. [47] in their conclusions stand that random foam models are undoubtedly the
most realistic, but that the symmetry and the perfect order of the Kelvin cell, even if clearly
an oversimplification, predicts a value of elastic modulus within the engineering accuracy
of prediction for random foams. A Kelvin cell or Tetrakaidecahedra cell is made up of 14
faces, 36 edges and 24 vertices; it’s a regular geometry, space filling structure (Fig. 3.8).
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Fig. 3.8: Kelvin unit cell.
Following the same approach adopted for the cubic cell in the previous section, the
parametric models (Axial-Bending and Bending) will be fitted using the numerical results
generated from computational models of a Kelvin cell having different relative densities.
Due to the complex architecture, no analytical analysis of static mechanics has been
done for the Kelvin cell and it has been assumed, after a convergence study, the validity
of the numerical results. The single cell has been modelled in Solid Work [89] for a range
of relative densities between 0.01 and 0.3. The struts of the unit cell have been assumed
to have circular section, in order to smooth their intersection at the nodes. The models
have been imported into Abaqus [1] where boundary conditions and material properties
have been defined. The parent material has been modelled as perfectly linear elastic with
a Poisson’s ratio equal to 0.3. A displacement able to generate a strain equal to 5% has
been applied to the nodes belonging to the top edges of the cell and the nodes on the
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bottom face have been constrained in the direction of the displacement (free breathing).
No constraints have been imposed on the side faces because the parametric models
have been developed without these conditions. A convergence study has allowed the
choice for the best model discretisation value (roughly three-five millions elements each
model). All the simulations have been run using Abaqus Standard. The mesh of model
having relative density equal to 0.00997977024 is shown in Figure 3.9:
Z X
Fig. 3.9: Mesh generated in Abaqus for the Kelvin cell having relative density equal to
0.00997977024.
The values of coefficients a, b and C1 of the Axial-Bending and pure Bending para-
metric models, calculated from the computational results for different values of relative
density, are presented in Table 3.3
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∆ρ∗ a b C1
0.00997977-0.019957504 13.0233854 0.104735695 0.092688884
0.019957504-0.029948729 1.045455825 0.084863689 0.083129224
0.029948729-0.04001995 1.134390261 0.085082859 0.082287269
0.04001995-0.049957145 2.639575485 0.089985463 0.081387988
0.049957145-0.060002401 2.822006008 0.09071002 0.079501894
0.060002401-0.07002952 3.326288498 0.093057283 0.077574545
0.07002952-0.079972633 3.942879852 0.096316307 0.075476021
0.079972633-0.089969204 5.668888669 0.106423999 0.073226382
0.089969204-0.099915373 4.304039954 0.097769664 0.070478284
0.099915373-0.149950159 12.12253467 0.151178297 0.068368493
Tab. 3.3: Parameters a, b and C1 calculated for the Kelvin model.
In this case the parameter ”a” change sensibly with the interval of relative density
utilised for its calculation. The average values for the three coefficients are a=5.002944,
b=0.100012 and C1=0.078412. In Figure 3.10 E*/E predicted with the parametric models
(using the average value of parameters a, b and C1)is presented against the computa-
tional results.
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Fig. 3.10: E*/E calculated for the Kelvin cell using the computational and parametric models.
The contribution of axial and bending mechanisms over the global deformation, cal-
culated using Equations 3.22, 3.23 is presented in Figure3.11.
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Fig. 3.11: Axial and bending contribution to the global deformation in the Kelvin cell.
For the Kelvin cell the axial contribution over the global deformation appears to be
more relevant when compared with the cubic cell response.
3.3.4 Polyurethane open cell foam
Experimental tests have given good results for understanding the mechanics of open
celled foams but their methodology doesn’t allow an easy control of key parameters in-
volved in it. The micro-dimensions of the structures and their complex architecture make
experimental tests very difficult to be performed, less accurate, not exactly repeatable, ex-
pensive and limited. To date, the first study able to investigate the mechanical behaviour
of a real open celled foam, using computational techniques, has been done by Brydon et
al. [14] who used an alternative to the finite element method, a particle based method,
which avoids the problem of discretisation by obviating the need for meshing altogether
and using this approach, to characterise the Young’s modulus of a polyurethane open
celled foam under compression. In this case, the model has been generated from CT-
scan images. Notarberardino et al. [72] conducted the first FEA mechanical characteri-
sation of a Polyurethane foam model generated from CT-scan images. The potentialities
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of combining image based techniques and numerical analysis have been shown gener-
ating a very accurate computational model starting from micro-CT images, on which a
wide number of sensitivity and parametric studies have been carried out, with maximum
reproducibility and zero cost. Experimental studies on the relative density effect on the
linear elastic properties of a cellular solid are limited by the impossibility of preserving
the original topology. Different values of relative density are related to different samples
of foam. This means that tough the foams are produced with the same method and the
same parameters, the original micro-geometry is never exactly the same. Changes in the
micro-structure determinate wrong results when specific aspects want to be investigated.
On the other side, the use of CAD based computational models for understanding the
relative density effect on the linear elastic behavior of open celled foams is limited to sim-
plified geometries and generates approximated results. In this context Inverse modelling,
based on the use of image based techniques and computational analysis, represents an
innovative method for investigating the mechanics of high detailed real open cell foam
topologies under different circumstances. In this study a Polyurethane open celled foam
has been scanned using SkyScan1174 compact micro-CT [87]. A magnification of 15
µm has been chosen for the sample having dimensions 12.6mm x 12.3mm x 11.49mm.
An exposure time of 2200ms has been selected and 28kV and 800µA were imposed
respectively for the Voltage and the Current values. The Flat-field correction option was
used and the average frames parameter adopted was equal to 5. The CT-scan images
were imported into ScanIP [86], 2 byte Hounsfield numbers obtained were converted to
one byte data, renormalized about 127 and the foam was thresholded for values from 3
to 255 to create a mask. This mask was downsampled, cropped and floodfilled to obtain
a sub-sample of dimension 8.8 mm x 6.96 mm x 6.8 mm with an isotropic voxel size of 40
microns. For those unfamiliar with image processing the terms used above are described
in somewhat more detail here: a voxel (volume element) is a measure of the resolution
at which a sample is scanned; the three dimensional equivalent of a pixel and can be
thought of as a parallelepiped with three dimensions width, depth and height; resample
is used when it is desirable to reduce the size of an image by lowering the resolution (it
will not however modify the object size); cropping is the simple operation of cutting off
parts of the volume in order to only keep data in a subset of the original image; floodfill
is based on a region growing algorithm in which the measure of similarity considered is
the threshold value (also known as paint bucket it allows generation of a mask charac-
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terized by no disconnected zones). The morphological background dilation-erosion filter,
implemented in ScanIP, allows to slightly expand or shrink the area of interest of the scan
image enlarging or reducing of the same increment all the perimeter of the segmented
mask. The micro-structure volume is modified and the starting topology, in term of ge-
ometry, it’s completely preserved. This filter has been adopted for the generation of the
different relative density models utilised in this study. In Figure 3.12 are presented the
models generated from the CT-scan images with modified relative density throughout the
use of ScanIP:
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(a) (b)
(c)
(d) (e)
Fig. 3.12: Image based polyurethane foam models at different values of relative densities: φ=0.04
(a), 0.06 (b), 0.08 (c), 0.1 (d), 0.25 (e).
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Each image based model has been meshed in ScanFE [86], a new image based
meshing tool, and exported to Abaqus [1]. The number of elements in which the models
have been discretised varies from almost 3 million for the lower value of relative density
to almost 12 million for the higher. The choice of the discretisation level has been done
on the base of a convergence study. The finite elements foam models have been char-
acterised as perfectly linear elastic, with a Poisson’s ratio equal to 0.3. A displacement
calculated to generate a strain equal to 5% has been applied to the top surface in the
direction of the major length of the sample, and the bottom surface has been constrained
in the direction of the displacement and let free to breath in the other directions. No sym-
metry conditions have been applied on the lateral sides of the models. All the solutions
have been run using Abaqus Standard. Exactly as for the cubic cell and the Kelvin cell,
the coefficients a, b and C1of the parametric models Axial-Bending and pure Bending
have been calculated solving the Equations 3.25, 3.26, 3.27 with the computational re-
sults. Differently from the two more simple geometry models (cubic and Kelvin cell) in the
case of the real polyurethane foam geometry the values calculated for the parameter ”a”
seems not to follow any logic (no monotone growing or decreasing) and presents some
case of negative values. ”b” and ”C1”are always positive but not very similar among the
same class. E*/E predicted using the pure Bending and Axial-Bending models for differ-
ent values of coefficients a, b and c are respectively shown in Figure 3.13 and 3.14 and
compared with the computational results:
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Fig. 3.13: Polyurethane Bending model response for different values of the parameter
”C1”calculated using different value of ∆ρ.
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Fig. 3.14: Polyurethane Axial-Bending model response for different values of the parameter ”a”
and ”b” calculated using different value of ∆ρ.
The values reported in the legend represent the lower value of each relative density
interval utilised for calculating the parameter a, b and C1. For the pure Bending model
the interval of relative density values, which generates the parameter C1that better fits
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the behaviour of the foam is 0.04-0.05, low values in which bending is the dominant
mechanism of deformation. For the Axial-Bending model, this interval is between 0.15
and 0.2. when higher values of relative density are associated with thicker ribs and then
a major axial influence component.
3.4 Conclusions
The analytical pure bending model proposed by Gibson and Ashby [31] has been ex-
tended by considering the effect of axial compression in the deformation mechanism. A
new approach based on the synergy of image based processing and FEA, identified as
inverse modelling, has been described and utilised. The relative contribution of bending
and axial mechanisms to the global micro-structure deformation as been investigated for
the first time. The predictions of E*/E generated by the pure Bending and Axial-Bending
parametric models have been compared with the numerical solution for three different
micro-geometries: a simple cubic cell, a Kelvin cell and a image based real open cell
foam topology. When the pure Bending model always produces acceptable parame-
ters, the Axial-Bending model, tough better representing the mechanical behaviour of
the cellular structures calculated using FEA, results too sensitive and unstable (genera-
tion of negative parameters). This study has attempted for the first time to quantify the
relative contribution of different mechanisms to the global deformation of open cell micro-
structures. It has been introductory for a major consideration of the axial mechanism
beside the bending one, in the mechanics of cellular solids under small strains and for
low values of relative densities. The image based process has shown his potentialities
with special emphasis on the possibility to perform studies on real geometries with high
accuracy. The parametric model must be reviewed but the inverse modelling approach
opens the door to new interesting studies.
4. IMAGE BASED SIMULATION OF LARGE STRAIN DEFORMATION OF
OPEN CELL FOAMS
This chapter is taken from the paper ”Image Based Simulation of Large Strain Deforma-
tion of Open Celled Foams” [72] and describes a number of parametric and sensitivity
analyses conducted on Polyurethane open cell foam image based finite element model.
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4.1 Overview
Open celled foams are used in many industrial applications, as well as commonly found in
natural biological structures. Analytical models and experimental tests have been carried
out by a number of material scientists to gain an understanding of the influence the parent
material properties and the architecture of the foam have on the resultant foam effective
properties. Generally computational modelling offers the prospect of providing a deeper
understanding than experimental tests. Computational modelling tends to provide realis-
tic results with a clear sense of comprehending the systematic mechanisms governing the
foam behaviour. However, difficulties are encountered when meshing the complex topolo-
gies of actual foams. With the advancement in CT scanning and 3D image processing,
these barriers have been overcome to generate high fidelity 3D models of complex foam
micro-structures. In the present study, an image based meshing approach using ScanFE
[86] is used to obtain geometrically and topologically accurate finite element meshes of
open celled foams based on 3D imaging data. The finite element models were used in
an explicit general purpose code, LS-DYNA [65] to characterise the quasi-static and the
dynamic stress-strain behaviour of foams under various compression velocities for both
linear elastic and elasto-plastic parent material properties from small strains up to strains
well into the densification regime. Both end-plate contacts and general foam to foam
contact of the cell walls with sliding effects were considered.
4.2 Introduction
Open celled foams are used in an increasing number of civil and defence applications
due to their interesting mechanical properties and in particular their light weight and high
energy absorption. However the material properties of foams are a result of complex
relationships involving different aspects of the micro-architecture and the properties of
the parent material. A wide range of studies have been carried out using analytical, ex-
perimental and computational approaches to increase our understanding of the physical
behaviour of foams and much of this work is reported by Gibson and Ashby [31]. Var-
ious analytical methods [98], [54], [56] have been used by generating an assemblage
of straight beams and or plates connected at nodes to model the foam micro-structure
using small deformation theories. Although based on considerable simplifications of real
foams, analytical models provide explicit relationships in which the influences of the dif-
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ferent parameters in the models are clearly brought into light. Experimental tests have
also, of course, been carried out on a wide range of foams [35], [24] and the results
obtained provide a litmus test with which any analytical or computational model can be
validated. The principal drawback of experimental testing is the difficulty in understanding
the mechanisms during deformation. Additionally difficulties in controlling key parameters
(pore size, rib thickness, etc.) during manufacture makes it challenging to carry out para-
metric studies to obtain empirically derived expressions describing the physical response
of foams in terms of these basic architectural and material parameters. A third tool avail-
able to investigate the behaviour of foams is the use of computer simulations. In principle
computer simulations could provide considerably more realistic models than possible an-
alytically, and would allow a range of parametric and sensitivity studies to be carried out,
which, as previously discussed, is somewhat challenging to the experimentalist. The
possibility of solving computationally large problems on modest hardware platforms and
the increasing availability of high resolution 3D imaging techniques offer the prospect
of carrying out sophisticated computer simulations for material characterisation straight-
forwardly. However the problem to date has been that the principal approach used in
physics based simulations, the finite element method, requires discretisation of the com-
plex topologies of actual foam micro-structures [14], although a number of authors have
managed to generate high fidelity models of complex micro-structures [2] if somewhat
painstakingly. Garboczi and Day [30] got around the problem of meshing the topology
with elements conforming to the boundaries of the domain by using a voxel based tech-
nique to approximate the geometry. Using this approach they carried out a number of
parametric studies based on architectures generated from algorithms and drew some
very interesting conclusions on the relationships between micro-structure and the corre-
sponding mechanical response. More recently, Brydon et al. [14] used an alternative
to the finite element method, a particle based method, which avoids the problem of dis-
cretisation by obviating the need for meshing altogether and using this approach, for the
first time, successfully carried out an image based simulation analysis of a foam deform-
ing right well into the densification regime. The present study will explore the use of a
novel image based meshing tool for characterising the mechanical properties of complex
foams based on high resolution computed tomography data. The new meshing tool used
is ScanFE [86], which generates tetrahedral meshes (or mixed tetrahedral and hexahe-
dral meshes) of arbitrarily complex domains robustly and automatically. Meshes can be
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generated either based on CAD geometries or based on 3D imaging data. In the case of
image based models, an important point which should be underlined is that the accuracy
of the resultant mesh is contingent only on the accuracy of the imaging system. Complex
single phase and multi-phase materials can be meshed straightforwardly for solving cou-
pled problems such as fluid flow induced deformation of porous materials. Finite element
models were generated based on 3D image data of two different foam micro-structures
and the effective mechanical properties of the foams from small strains right through to
large deformations into the densification regime were computed using an explicit finite el-
ement solver LS-DYNA [65]. A number of sensitivity studies are presented. The influence
on the computed response of different displacement time histories, of changing boundary
conditions and of assuming non-linear (elasto-plastic) material properties for the parent
material is also included.
4.3 Model generation
High resolution image data for two different foams, polyurethane foam and metallic foam,
were used to generate finite element models on which large-deformation compression
analyses were carried out. The procedure used to develop the analysis models are de-
scribed below.
4.3.1 Image acquisition and segmentation
Polyurethane foam A high resolution 3D image of an open-celled polyurethane foam
with an isotropic resolution of 10.29 microns was used. Figure 4.1 shows a serial se-
quence of CT data representing the foam volume and a single 2D slice.
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(a) (b)
Fig. 4.1: Polyurethane foam high resolution computed tomography data: (a) serial sequence of
data and (b) single slice.
The image was imported into ScanIP [86], 2 byte Hounsfield numbers obtained were
converted to one byte data, renormalized about 127 and the foam was thresholded for
values from 128 to 255 to create a mask. This mask was downsampled, cropped and
floodfilled to obtain a cubic sub-sample of 100 x 100 x 100 pixels dimension (3.089 mm x
3.089 mm x 3.089 mm) with an isotropic voxel size of 30.89 microns. For those unfamiliar
with image processing the terms used above are described in somewhat more detail here:
a voxel (volume element) is a measure of the resolution at which a sample is scanned;
the three dimensional equivalent of a pixel and can be thought of as a parallelepiped with
three dimensions width, depth and height; resample is used when it is desirable to reduce
the size of an image by lowering the resolution (it will not however modify the object size);
cropping is the simple operation of cutting off parts of the volume in order to only keep
data in a subset of the original image; floodfill is based on a region growing algorithm in
which the measure of similarity considered is the threshold value (also known as paint
bucket it allows generation of a mask characterized by no disconnected zones). The
relative density φ a measure of the porosity of the foam relative to the parent density as
defined as given in Equation 4.1, was measured using ScanIP as φ = 15.7%.
φ =
ρfoam
ρparent
(4.1)
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Metallic foam The metal foam used in this study was procured from (PORVAIR Inc.,
2007), Hendersonville. A stack of images was imported into ScanIP re-sampled at a res-
olution of 0.0500592 mm x 0.050198 mm x 0.05 mm (approx. 50 microns) representing
169 x 101 x 140 pixels equivalent to a sample size of 8.46 mm x 5.07 mm x 2 mm. The
relative density computed for this model was φ = 17.5%.
Model anti-aliasing and smoothing Proprietary algorithms in ScanIP for anti-aliasing
and smoothing were employed as these are both topology and volume preserving fea-
tures which are critical for such applications where the micro-structural features are rela-
tively poorly resolved in the image; indeed when the ratio of characteristic feature length
(say rib thickness) to sample spacing is low (say less than 10), then traditional anti-
aliasing and smoothing algorithms can introduce substantial errors by appreciably re-
ducing cross-sectional areas of the ligaments of the open cell foam thereby significantly
influencing the effective stiffness of members in the system and in some cases removing
connecting branches thereby modifying the connectivity/topology.
4.3.2 Mesh generation
Polyurethane foam The segmented volume was automatically meshed using ScanFE
[86] and a model consisting of 1,392,751 linear tetrahedral elements and 360,703 nodes
was generated. The meshing scheme was automated and robust with no need for cor-
recting for pathological or poor quality elements. The mesh as well as a zoom-in view of
a sub-section is shown in Figure 4.2 (a) and (b) respectively.
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(a)
(b)
Fig. 4.2: Meshed foam (a) complete domain (b) zoom-in.
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Metallic foam The segmented volume was automatically meshed using ScanFE [86]
and a model consisting with 1,005,854 linear tetrahedral elements and 260,534 nodes
with high element qualities was obtained (Fig.4.3).
Fig. 4.3: Metallic foam mesh.
4.3.3 Geometric, material and physical parameters
For the sake of simplicity and to better be able to generalise the results, the material
and the geometric parameters as well as the computed results are presented in non-
dimensional form. The foam samples studied were parallelepipeds of depth D in the
direction of compression, and widths w1 and w2. Let A = w1 x w2 be the cross-sectional
area of the top (or bottom) face of the foam, E the Young’s Modulus, ρparent the density
and ν the Poisson’s ratio of the parent material. The compression or strain is given by:
Compression% =
d
D
100 (4.2)
Where d is the displacement of the top face and D is the depth of the original sample.
The time for a pressure wave to travel through an equivalent solid block of parent material
and back (from top platen to bottom platen and reflected back again to top platen) t-wave
is used to non-dimensionalise time:
t
twave
=
t · c
2D
(4.3)
where c is the pressure wave speed in the parent material defined as:
c =
√
E
ρparent
(4.4)
When elasto-plastic parent material properties are assumed, the yield stress σyield is
normalised on the Young’s modulus E: σyieldE . The rate of loading (the displacement
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time history) and hence the relative influence of dynamic inertial effects to the stiffness
is characterized by a parameter v/c [%], the average velocity of the top platen during
compression divided by the characteristic wave speed through the parent material (x
100). The effective stress (σ) is defined as the computed force on the top platen for a
given strain divided by the cross sectional area of the top face of the foam, A. The stress
is non-dimensionalised with respect to the Young’s modulus and results are presented in
terms of σE . The effective Young’s modulus E* is defined as the Young’s Modulus required
to achieve equivalent compression in a linearised problem and is again normalised by the
Young’s Modulus of the parent material E. For all cases the Poisson’s ratio of the parent
material, ν was assumed to be 0.45 and the material was assumed to be linear elastic
or elastic perfectly plastic. For the Polyurethane foam w1/D = w2/D = 1 (undeformed
sample is cubic), and for the metallic foam w1/D = 4.23 and w2/D = 2.535. Additional
non-dimensionalised parameters are presented where needed below.
Material and geometric values For the polymeric foam, assuming a cubic sample of
Young’s modulus E = 45 [MPa] and density ρparent = 1200[Kg/m3], [31] with dimension
3.089 mm3, the assumed values for v/c = 2.2 %, 4.5 % and 9 % are equivalent to plunger
compression speeds of v = 4.26, 8.71 and 17.42 [m/s] respectively. Where elasto-plastic
material models are used, for a normalised yield stress, σyieldE of 1/10, 1/50 and 1/100,
the equivalent actual yield stress σyield would be 4.5, 0.9 and 0.45 [MPa], respectively.
For the metal matrix foam, assuming a sample size of 8.46 mm x 5.07 mm x 2 mm and a
Young’s modulus E = 200 [GPa] and density ρparent = 2800 [Kg/m3], the problems solved
for v/c = 5.2 % and 10 % are equivalent to plunger compression speeds of v = 439.5 and
845.2 [m/s].
Boundary conditions and loads The foam models were compressed between two
rigid platens with the bottom platen fixed and a displacement-time history applied to the
top platen. Sliding contact was assumed between the bottom platen and the foam and
the top platen and the foam allowing for frictionless sliding in the in-plane direction (ex-
cept where noted differently). For foam to foam contact modeling, a sliding self contact
algorithm with zero friction was used. All the solutions were run using LS-DYNA Explicit
[65], for the maximum compression until the solution failed to converge.
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4.4 Parametric studies: Polyurethane foam
4.4.1 Influence of displacement time history
The response to quasi-static loading, in addition to dynamic loading, was of interest and
a range of different time histories with decreasing plunger/platen average velocity to the
characteristic wave speed of the parent material (v/c) was used. With the explicit for-
mulation used, the solution time is a linear function of the time to maximum compres-
sion. Therefore, to minimise wave propagation effects for the relatively short compression
events, it was modelled as a series of S-shaped curves defined by a Hanning2 function.
A linear displacement time history (constant v/c) was also considered. The normalised
displacement time history d(t)Dmax for the linear case is given by:
d(t)
DMax
=
t
Tp
(4.5)
and for the Hanning2 (S-shaped curve) by:
d(t)
DMax
=
{
0.5− 0.5 · cos
[
pi ·
(
t
Tp
)]}2
(4.6)
where Dmax = 0.9 d (that is 90 % sample depth) and Tp is the duration of the compression
event. The average velocity v is given by v = Dmax/Tp and the displacement time history
is characterized by both its shape (in this case linear or s-shaped) and the ratio v/c. In
Figure 4.4, the three different s-shaped displacement-time histories for v/c = 2.2% 4.5%
and 9 % and the linear displacement time-history for v/c = 4.5% used in the polyurethane
studies are shown.
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Fig. 4.4: Displacement-time histories applied to the upper plate of the model. Non-dimensional
ratio v/c refers to the average velocity over 90% compression of foam divided by plate
wave speed in a block of parent material.
4.4.2 Linear versus S-shaped displacement time history
Although use of a non-linear displacement time history (s-shaped curve) compared to a
linear displacement time history will lead to higher peak v/c values for the same dura-
tion of the compression event (Tp), during both initial compression and in the compaction
regime the average v/c values are comparatively much smaller minimizing wave effects
and improving stability. For the case v/c = 4.5%, both a linear and an s-shaped displace-
ment time history were used to compute the effective stress-strain curves as shown in
Figure 4.5 (a) and (b).
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Fig. 4.5: Comparison of normalised stress against strain for a linear displacement-time history
(constant compression velocity) and an S-Curved shaped displacement time history.
Both the straight line and the S-curve (v/c = 4.5 %) are shown for strains up to failure to
converge (circa 80 %) (a) and zoom in for strains up to 70% (b).
Both analyses took effectively the same time to compute since the numerical time
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step was the same and the total compression event duration (Tp) was also the same.
It can be noted that although both curves agree reasonably well overall, the response
for a linear displacement time history exhibits an initial stiffening effect (seen as a peak
early in the compression) and also the solution for the linear case fails to converge at a
lower maximum compression. The stiffening on impact for the linear case can perhaps be
attributed to inertial effects during what is essentially a step loading function applied to the
structure. The failure to converge at lower strain is due to time steps which are effectively
coarser when compared with platen/plunger velocity near the end of the compression
where the numerical stability is more problematic.
S-shaped displacement time history For v/c = 2.2%, 4.5% and 9% non-dimensional
stress-strain are shown in Figure 4.6 for the three s-shaped displacement time histories
shown in Figure 4.4 , (a) for the whole range of compressions achieved before numerical
failure in convergence occurred. In (b) for clarity a reduced early portion of the stress
strain curve is reproduced.
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Fig. 4.6: Normalised stress against strain for three plunger velocities (plunger velocity given by S
curve as shown in Figure 4.4). (a) Full compression achieved and (b) zoom in on earlier
part of compression.
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From the stress strain curve the effective Young’s Modulus ratio E∗/E can be plotted
for the different displacement time-histories and this is shown in Figure 4.7.
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Fig. 4.7: Normalised Young’s modulus against strain for three plunger velocities.
The secant value of E∗ is calculated dividing the engineering stress (nominal stress)
by the correspondent engineering strain for each values of strains calculated. The use
of engineering stresses has been based on the fact the open cell foams are generally
characterised by a positive Poisson’s ratio ν∗ close to zero. The Young’s Modulus values
are somewhat high for these low values of strain; however, this is not unexpected as
recovering early stress-strain history for low strains is notoriously difficult using explicit
dynamic approaches such as the one adopted here and computed data for the early
portion of the stress-strain curve should be considered spurious. In Figure 4.8, images
of the deformed foam at various stages of compression are shown for v/c = 4.5%.
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Fig. 4.8: Foam at different stages of compression for v/c = 4.5%. No side constraints imposed.
At the maximum compression level it appears the presence of out bounding material
which goes under the level of the bottom plate. This is due to the size of the plates,
drawn to fit almost perfectly the top and bottom surfaces of the sample, that result unable
to completely contain the material spread out on the lateral sides.
4.4.3 Wave speed through the foam
It is interesting to note that by measuring the lag time between the response of the bottom
platen to initial loading of the top platen, the time for a pressure wave to propagate from
the top to the bottom (the effective wave speed through the foam c*) can be computed and
compared to results by previous researchers [14], and is found to be three to four times
slower than the wave speed for an equivalent solid sample of identical material. This
happens because the shortest mean path through the micro-architecture is increased as
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a consequence of the complex topology. The wave path is not straight as it would be in
a solid block but must deviate through the different inclinations of the material system. In
addition, the multiple different length paths through the micro-architecture serve to diffuse
the incident wave front.
4.4.4 Shape of stress-strain curve
Although no experimental data was available to compare and validate the simulated
stress-strain curves obtained here, it should be noted that the shape of the response
with increasing compression has, as would be expected, three different stages: an initial
almost linear elastic range (linear elastic), followed by a flat plateau (collapse plateau)
followed by a steep increase in stiffness as the foam becomes compacted and inter-
strut contacts dominate (densification) [31]. In addition, as a semi-quantitative check,
the effective Young’s moduli obtained here were found to be in the appropriate range as
compared to published foam data [24].
4.4.5 Influence of restraining side deformations
In the previous analyses, a fixed displacement time history was applied on the top face
of the sample and the foam was restrained from moving along the base out-of plane (but
not in-plane) direction, however no lateral constraints were imposed. In order to inves-
tigate the influence of lateral restraint, the following boundary conditions were imposed
on nodes along the four lateral faces of the foam: nodes initially lying on these face
were constrained to remain in the plane of these faces and contact surfaces were gener-
ated such that additional cell walls could come into frictionless contact with the walls and
could come off the wall but not penetrate through the walls (in effect symmetry boundary
conditions). In Figure 4.9 the difference between laterally constrained compression and
laterally unrestrained compression can be seen for an s-curved shape displacement time
history with v/c = 4.5%. The difference between the predicted stresses is mostly marked
when the foams are in the densification regime as expected.
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Fig. 4.9: Normalised stress against strain for foam models both with unconstrained (freely breath-
ing) and constrained out of plane displacements (as if confined in a bounding box) bound-
ary conditions imposed on lateral faces of foam block.
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The constrained foam did not achieve the same level of densification which is not
surprising considering the amount of sideway splay of the unconstrained foam which is
evident from Figure 4.10.
Fig. 4.10: Comparison between maximum compression of foam with (a) no lateral constraints and
(b) with lateral constraints.
The top view points out that the non-constrained model doesn’t result particularly
wider than the constrained one at the maximum level of compression. This can be ex-
plained by the standard behaviour of open cell foams that generally have a positive Pois-
son’s ratio ν∗ close to zero. Other v/c cases were run (2.2 % and 9%) and results were
similar to those shown here. It is interesting to note that this is a method of establishing
whether the sample is wide enough to approximate an infinite domain laterally.
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4.4.6 Influence of neglecting foam to foam self-contact
In the previous analyses, sliding foam to foam contact algorithms were implemented.
During compression the cell struts could slide without friction against one another but
no co-penetration was permitted. By turning off the contact algorithm and comparing
with previous results the relative influence of foam to foam contact at different stages
of compression can be gauged. In Figure 4.11 the stress-strain curve for both no self
contact and contact (for v/c = 4.5% case) is shown where it can clearly be seen that
the influence of foam-foam contact has no appreciable effect for small effective strains
but the influence becomes noticeable beyond 10% strain and appreciable beyond 20%
strain. This is associated to the level of compression at which the ribs of the foam start
touching each other. The system strain associated with the beginning of the contacts is
dependent on the struts thickness and cells shape of the foam. The importance here is to
determine at which stage contact between foam edges becomes important since contact
algorithms increase the computation time considerably (and significantly complicate the
parallelisation of the solution).
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Fig. 4.11: Comparison of stress against strain for compression including and neglecting foam to
foam contact.
Again the strains at which foam to foam contact will become important will be highly
dependent on the foam relative density and architecture.
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4.4.7 Influence of assuming elasto-plastic behaviour of parent material
In the previous analyses linear elastic behaviour was assumed for the parent material
throughout the whole range of compression. However for a range of foams, and in partic-
ular for metallic foams, large strain deformations of the sample will lead to strains at the
cell wall level which exceed the elastic limit. In order to model the influence of parent ma-
terial non-linearity, an elastic perfectly plastic material model was used. The normalised
yield stress was assumed to occur at different non-dimensional values, of 1/100, 1/50 and
1/10. Again for an S-shaped displacement time history v/c = 4.5% (as given by equation
4.5), the stress-strain is plotted in Figure 4.12.
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Fig. 4.12: : Comparison of stress against strain assuming elastic parent material properties and
elasto-plastic material properties (Yield Stress/E = 1/10, 1/50, 100).
It is apparent that, particularly for larger values of effective strain, there is a significant
softening of the architecture and the effective Young’s modulus starts to deviate signif-
icantly from a purely linear elastic material behaviour. The foam at different stages of
compression assuming elasto-plastic material model is shown in Figure 4.13.
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Fig. 4.13: Foam at different stages of compression for v/c=4.5%. No side constraints and elasto-
plastic material properties with Yield Stress/E=1/500.
Lower values of Yield stress imply a major maximum compression level due to possi-
bility of the yielded material to go through the cavities of the compressed geometry. All the
empty spaces available among the struts are filled incrementing the ultimate compression
strain.
4.5 Analyses based on a metallic foam scan data
Limited analyses were carried out on the metallic foam since the scanned sample was not
large enough to be considered a representative sample (at least 5x5x5 cells are required
for a sample to be representative of an infinite domain [56]). In the through thickness
direction, the number of cells modelled is at best two, falling far short of the number
required to be considered properly a foam. Nonetheless, it was interesting to explore
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whether a complex cellular domain with a couple of cells in the thickness direction, could
be modelled using the present approach. The finite element model was compressed in
the through thickness direction between two platens for an s-shaped displacement-time
history corresponding to v/c = 5.2% and v/c = 10%. The resultant stress strain curves
are shown in Figure 4.14 and the deformations at different stages of compression for
v/c = 5.2% are shown in Figure 4.15.
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Fig. 4.14: Comparison of stress against strain for metallic foam (v/c = 5.2% and 10%).
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Fig. 4.15: Metallic Foam. Model at different stages of compression. S shaped displacement time
history with v/c=5.2%.
It is interesting to note that the computed stress-strain curve does not exhibit the
classic curve shape with three identifiable regimes (elastic, plateau and densification)
unlike the polyurethane model. This is presumably due to the low number of cells in the
direction of compression and hence behaviour, perhaps unsurprisingly, is different from
what is typically expected of foam material.
4.6 Conclusions
Based on 3D imaging data, numerical models of open celled foams were generated which
allowed for computer simulations to be carried during dynamic compression of the foams
well into the densification regime including the effect of all relevant contact mechanics
and allowing for non-linear material properties. What should be underlined is not just
the sophistication of the analyses that were carried out but also the ease with which
such models can now be generated and solved using a general purpose finite element
commercial package running on basic hardware platforms. All the pre-processing, post
processing, mesh generation and solutions for the problems given here can be carried out
on standard PC’s running Windows XP64 with two dual core processors (2.23GHz) and
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32GB RAM with typical problem set up times of less than thirty minutes and solution runs
on average of ten hours. Remarkably, none of the runs necessitated any re-meshing
during compression right through into the densification regime showing impressive ro-
bustness of the solution process. Although not explored in this paper, more complex
material models, inhomogeneous material properties and multi-phase composites could
as straightforwardly have been tackled as could complex coupled problems. The ability
to straightforwardly and robustly model the response of complex micro-architectures pro-
vides powerful new tools for the material scientist to easily explore the influence of various
parameters on the performance of novel complex material systems which will be increas-
ingly used in addition to, and in combination with, analytical modeling and experimental
tests. These computational techniques will also be pivotal to the development of tools for
material characterisation of complex composites using inverse modelling techniques.
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4.7 Nomenclature
• ρ relative density (or porosity)
• ρfoam density of the cellular material
• ρparent density of the material of cell walls
• φ Poisson’s ratio
• D depth of the foam in the direction of compression
• w1,w2 widths of the sample
• A cross sectional area of the top face of the sample
• t time
• twave time for a pressure wave to travel through an equivalent solid block of parent
material and back
• Tp duration of the compression event
• c pressure wave speed (in solid material)
• c∗ effective pressure wave speed
• E Young’s modulus parent material
• E∗ effective Young’s modulus (Young’s Modulus required to achieve equivalent com-
pression in a linearised problem)
• σyield yield stress
• V plunger velocity
• d plunger displacement
• Dmax 90 % sample depth
5. BONE SCAFFOLD CHARACTERISATION: EXPERIMENTAL TESTS AND
IMAGE BASED NUMERICAL SIMULATIONS
This chapter extends the application of the image based finite element approach on
bone scaffolds. Bio-scaffolds, which are most commonly open cell porous structures, are
increasingly used for tissue engineering and regenerative medicine. Numerical studies
exploring the influence of architecture on structural and flow characteristics of porous
media have been carried out but these studies almost exclusively assume an idealised
repeating unit cell approach. However, most of the traditional techniques employed to
manufacture bio-scaffolds do not result in uniform pore sizes and connectivity. A number
of studies have shown that the bulk properties of the natural tissue to be replaced are
strictly related to its complex micro-architecture [21], [29], [60]. Bulk properties of such
irregular structures are poorly modelled using idealised unit cell approaches (see chapter
3). Therefore, accurate modeling of bio-scaffolds with non-uniform cellular structures is
very important for the development of optimal scaffolds for tissue engineering applica-
tions. In this chapter the novel image based meshing techniques will be used to explore
both bulk structural properties of bone scaffolds, under different circumstances, and fluid
flow. The work highlights the potential use of image based meshing for the ad hoc char-
acterisation of scaffolds as well as for assisting in the design of scaffolds with tailored
strength, stiffness and transport properties. These micro-structures, which cover a very
important function in the regeneration-characterisation of biological cells, have complex
geometries which result to be extremely complicated in being characterised. The novel
approach shows its applicability in the biomedical field.
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5.1 Introduction
Recent developments of high resolution imaging modalities such as Micro-CT allow re-
alistic porous structures to be straightforwardly and accurately scanned with sub-micron
image resolutions on some commercially available systems. Combined with novel mesh-
ing techniques, these imaging methods allow for robust and rapid conversion of the 3D
scan data into finite element and finite volume meshes which can straightforwardly be
used to characterise the response of the micro-structure [91]. In addition, various im-
age processing tools allow for interesting sensitivity analyses to be carried out helping
to elucidate relationships between key architectural parameters, such as rib thickness,
and bulk properties. A number of studies will be shown which demonstrate the ease with
which fidelic models of the complex micro-architectures of bio-scaffolds can be gener-
ated. The understanding of bone tissue scaffolds mechanical properties is indispensable
for their use. Bone scaffolds have different musts to respect in order to facilitate a proper
bone cells growth and preserve biological properties. These aspects make the designing
of these micro-structures and their mechanical characterisation highly complicated. Due
to their complex micro-architecture and fragility, experimental tests are not easy to carry
out on these systems. Capturing the mechanisms of deformations and key parameters is
almost impossible. Computational simulations supported by image based techniques are
an innovative approach of great potentialities. Once the numerical models are validated
by the experimental results, in association with image based techniques, a large number
of parametric and sensitivity studies can be performed. Several are the approaches for
designing and characterising bone scaffolds. The aim of the design is to reproduce as
close as possible the bone micro-structure for facilitating the cell adhesion, vasculariza-
tion, and nutritient flow. This results in producing a complex micro-architecture that is
highly porous. The use of rapid prototyping (RP) is very effective for producing complex
geometries with predefined porosity [41], [68]. Combining this technology with imaging
techniques and computer modeling, tailored scaffolds can not only be designed but actu-
ally created to scale. In the present study Hydroxyapatite/Tricalcium phosphate (HA/TCP)
bio-ceramics bone scaffolds have been tested experimentally and computationally inves-
tigated. Porous HA/TCP present an adequate degree of interconnected porosity com-
bined with optimal mechanical properties [42], [102]. To simulate the natural bone tissue
morphology the control of the pore size and the internal connectivity is extremely impor-
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tant. The technique used to produce the HA/TCP porous scaffold is based on vacuum
impregnation of reticulated polymeric foams with ceramic slip. Two different categories of
samples have been experimentally tested using the micro-compressive stage manufac-
tured by Skyscan [87] and from the CT-scan data of the samples, very accurate image
based models have been generated and numerically investigated. Geometric properties
of the scaffolds and aspects related to the manufacturing process have been analysed
revealing informations not experimentally measurable. The aim of this study is showing
the capability of using computational image based method for the mechanical character-
isation of bone tissue scaffolds.
5.2 Materials and methods
5.2.1 Scaffold manufacture
The manufacturing process consists broadly of coating a polyurethane (PU) open celled
foam with hydroxyapatite. Two different classes of hydroxyapatite/tricalcium phosphate
HA/TCP scaffolds manufactured at the University of Bath [42] have been considered in
this study. The production method is clearly described by Hsu et al. [42], [43]. Two dif-
ferent powders TCP 118 and TCP 130 are combined in different quantities with HA to
create the final sintered product. Organic Polyurethane (PU) foams, of different poros-
ity and sizes are socked in water for 24 hours in order to completely remove impurity.
The slip is produced by adding the ceramic suspensions into the dispersing agent fol-
lowing specific criteria. The slip is vacuumed to remove any entrapped bubbles which
could decrease the bio-ceramics density and hence decrease its mechanical stiffness
and strength. The important aspect of this method consists in the possibility of either
filling the foams with the slip and subsequently to burn out the PU foam which then forms
the channels within the HA/TCP matrix to provide a dense scaffold or alternatively only
coating the foam walls. These two classes of HA/TCP porous scaffolds will for the sake
of simplicity be referred to filled scaffolds (F) (scaffolds created by filling the foam with
slip and subsequently burning out the PU) and coated scaffolds (C) (generated straight-
forwardly by coating the walls). Three samples of each class were manufactured and
analysed (Figure 5.1).
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(a) (b) (c)
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Fig. 5.1: Samples C1, C2, C3 and samples F1 (20ppi), F2 (30ppi) and F3 (45ppi) respectively a,
b, c, d, e and f.
The PU foams used as skeleton for models C1, C2 and C3 have the same relative
density but the scaffolds F1, F2 and F3 are based on three different parent foams having
pores per inch (ppi) of 20, 30 and 45 respectively. Scaffolds were cut into approximately
12 mm sided cubes but this was difficult due to the inherent brittleness of the material.
5.2.2 Image acquisition
3D image scanning was performed using the Sky-Scan1174 compact micro-CT [87]. This
scan utilises an x-ray source with adjustable voltage and a range of filters for versa-
tile adaptation to different object densities. A sensitive 1.3 megapixel x-ray camera al-
lows scanning of the whole sample volume in several minutes. Variable magnification
(6− 30µm pixel size) is combined with object positioning for easy selection of the object
part to be scanned. The imaging parameters adopted for the 9 samples are given in Table
5.1:
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Sample Magnification [µm] Exposure time [ms] Voltage [kV] Al Filter [mm]
PU foam 15 2200 28 no
Scaffold F 12 4400 50 7.5
Scaffold C 18 4350 50 7.5
Tab. 5.1: Micro-CT scan settings.
The Flat-field correction option was used, the average frames considered for the scan-
ning process was equal to 5 and an 800 mA current value was used for all scans. In some
cases a 7.5 mm Aluminium filter was introduced to reduce the maximum absorption value
registered by the camera.
Segmentation
The stacks of images were imported into ScanIP [86] and thresholded to create the re-
spective masks representing the solid and the void phases of the different samples. The
tresholding values and the other parameters utilised are reported in Table 5.2.
Sample Threshold Isotropic Resolution [µm]
PU foam 24-255 16
Scaffold F 18-255 36
Scaffold C 104-255 24
Tab. 5.2: ScanIP settings.
The original picture of sample C3 and the respective image based model generated
in ScanIP are presented in Figure 5.2.
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Fig. 5.2: C3 original sample (a) and respective image based model (b).
5.3 Morphometric analysis
Complex micro-structures like scaffolds farther than being difficult to be manufactured are
even more problematic to be investigated in terms of geometric and physical parameters.
Relative density, porosity, ribs thickness, angles between ribs at the nodes and many
other features are difficult if not impossible to be measured experimentally. Image based
technique allows to measure these parameters with an accuracy related exclusively to
the quality of the images. The relative density values and the ribs thickness (diameter
size) calculated using ScanIP [86] are reported in Table 5.3.
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Sample Relative Density
(average)
Smaller rib average
diameter [mm]
Majority rib average
diameter [mm]
PU foam 0.065 0.09-0.15 0.09-0.15
Scaffold C 0.2467 0.24-0.3 0.45-0.9
Tab. 5.3: Relative density and rib diameter values calculated in ScanIP for the PU foam and the
HA/TCP scaffold produced using process C.
If the PU open cell foam rib diameter average is comprised between 0.09 and 0.15
mm after the deposition of HA/TCP through the process C, in which the walls are coated
with the slip, the average value of 0.24− 0.3mm is measured in the smaller ribs (very
low percentage) and of 0.45− 0.9mm for the average of the ribs. The coating process
not distributing equally the slay on the PU utilised as support, determines an additional
accumulations of HA/TCP in dislocated areas of the micro-structure like shown in Figure
5.3 .
Fig. 5.3: Irregular slay accumulation introduced during the manufacturing process.
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Using ScanIP [86] it has been possible quantifying the internal porosity introduced
during the slay deposition on the PU foam. In Figure 5.4 is shown a CT-scan recon-
structed image of one slice of the sample C1. Enlightened in yellow are the pores intern
the ribs.
Fig. 5.4: Internal porosity visualised in a slice of sample C1.
The internal porosity (volume of pores vs volume of scaffold) has been measured in
the three sample C1, C2 and C3 resulting in an average value of 1.36 %. In Figure 5.5 ,
a 3D model of the internal pores in sample C1 is presented.
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(a)
(b)
Fig. 5.5: Transparency of image based model C1 with internal pores (a) and image model of the
internal pores (b).
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For the samples generated using process F, in which the PU foam was filled with
the slip before being burned out, the aspect of interest is understanding if the internal
channels left by the burned foam are interconnected for allowing the transportation of
cell nutrients. The average channel value (diameter) measured for the F1, F2 and F3 is
respectively of 0.09− 0.15 , 0.072− 0.084 and 0.036− 0.06mm (Fig. 5.16).
(a) (b) (c)
Fig. 5.6: Channels visualization of F1 (a), F2 (b) and F3(c) respectively of 20ppi, 30ppi and 45ppi.
In Figure 5.7 a 3D rendering of the internal channels of sample F2 is presented.
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(a)
(b)
Fig. 5.7: Image based model generated in ScanIP: F2 complete rendering (a), transparency (b).
5. Bone Scaffold Characterisation: experimental tests and image based numerical simulations 121
Not all the channels are completely connected but the percentage of unconnected
zone is negligible.
Characterisation An optimized scaffold design must incorporate the elements of both
biological and mechanical characteristics of the studied system [102], [68]. Both the
flow characteristics and the mechanical behaviour of these micro-structures are of fun-
damental importance. The fluid dynamics is necessary for the nutrient transfer and cell
migration. The mechanical environment involves the loading requirements as well as the
spatial localization of cell types to promote cell-cell signalling; scaffolds engineered for
this environment may be successful at transferring mechanical loads. Failure to incor-
porate both of these design criteria into the entire structure will inhibit the success and
longevity of treatment.
5.4 Structural characterisation
Typical engineering method for the mechanical characterisation of structures is the tensile-
compression test. Depending on the geometry and material type, this test can result easy
and accurate or difficult and imprecise. In this case, due to the fragility of the samples and
the complexity related in shaping them, the test presents some limits. Numerical simu-
lations, based on imaging techniques, provide a more accurate typology of approach for
investigating the mechanical properties of these micro-structures and particular parame-
ters such as relative density, pores inter-connectivity and manufacturing alterations.
5.4.1 Experimental testing
The experimental tests have been carried out using SkyScan Material Testing Stage [87].
This innovative piece of technology allows the user to combine micro-CT imaging with
tensile and compression testing. During scanning the sample is subjected to a controlled
load, while having the loading curve displayed on-screen in real time. This material test-
ing stage is specially designed for compression and tension testing using an accurate
load cell and displacement sensor. The stage can be used in 2 modes: a continuous
mode for compression or tension up to the maximum allowable load or until the maximum
displacement and a predefined mode in which the user can specify either the load or the
displacement that should be reached. The accuracy of the measurement and resolution
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will be around 0.5% of the load cell’s full scale. This is an important figure to bear in
mind when choosing a load cell. The load cell’s range should be higher than the load the
specimen will be exposed to. An ”oversized” load cell will have a negative effect on the
system’s sensitivity. The different scaffold samples C1, C2, C3, F1, F2 and F3 have been
loaded in the compression stage and compressed applying a fixed displacement. A gap
between the top plate and the micro-structure is required before the compression starts
in order to avoid preconditioning. A displacement calculated to generate a strain equal to
0.02 has been applied and the results have been recorded automatically by the SkyScan
software associated to the compression stage.
Results
In Figure 5.8 and Figure 5.9 are reported the experimental graphs calculated for the
models C1, C2 and C3 a and F1, F2 and F3.
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Fig. 5.8: Experimental engineering stress-strain curves for sample C1, C2 and C3.
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Fig. 5.9: Experimental engineering stress-strain curves for sample F1, F2 and F3.
The strain values presented for the samples C have been increased of a strain value
equal to 0.01%. This has been necessary to compensate the imperfect cubic shape
of the samples (shaping is made difficult by their high fragility) and the low accuracy of
the compression stage displacement sensor ( 0.01mm ). The sensor starts to record
the reaction force when the sample is already partially compressed. This problem didn’t
occur when analysing samples F that having a more solid structure are easier to cut and
more resistant. Notwithstanding these difficulties, the effective stiffnesses measured, in
the range of 12-40 MPa for samples C and 15-140 MPa for samples F, are inside the
range of the human bone compressive stiffness, which makes these HA/TPC scaffolds of
clinical interest.
5.4.2 FE analysis
The effect of the internal porosity introduced by the slip deposition process must be con-
sidered during the experimental mechanical characterisation. How the stiffness of the
samples would change in the case the manufacturing process won’t introduce this poros-
ity cannot be investigated using the experimental approach. From the image based mod-
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els of sample C1, C2 and C3 a finite element model has been created for each of them
using ScanFE [86] a new image based meshing tool. In ScanFE the three image based
model of C1, C2 and C3 have been meshed and exported in Abaqus [1]. An average
of 5 million elements characterises the models. In Abaqus the experimental boundary
conditions have been reproduced. The first analysis has been run on model C3 using
the Implicit solver solution. The model was fixed on the bottom surface in the direction
of the applied displacement (free breathing) and a displacement equal to 0.084mm was
applied on the top surface in normal direction. All the nodes of this surface have been
constrained in the direction of the applied displacement and let free to move in the other
two directions (free breathing). The displacement has been calculated in order to get
an effective engineering strain of  = 1%. The mechanical properties considered for the
parent material of the model consist of a Young’s Modulus E= 40 GPa (same as HA) and
a Poisson’s ratio ν = 0.45 and the structure has been assumed completely elastic. The
finite element analysis was run using Abaqus/Standard [1] within the framework of the
small displacement theory.
Results
The response to the static displacement was of interest for understanding how the micro-
structure influences the mechanical property of the scaffold. The effective Young’s Mod-
ulus computed E* = 0.49 GPa is over eighty times lower than the Young’s modulus of
the parent Hydroxyapatite (40 GPa). Although the effective density of the scaffold is only
slightly less than a quarter of that of a uniform HA block, this is not an unexpected result
as the relationship between effective density and the Young’s modulus is highly non-linear
[31]. The stress distribution calculated in Abaqus (Fig. 5.10, 5.11) shows that the higher
stresses are localised where the coating layer of HA/TCP, around the ribs of the original
polyurethane foam, is thinner.
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(a)
(b)
Fig. 5.10: Stress-strain distribution calculated in Abaqus/Standard before compression (a) and
after (b).
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Fig. 5.11: Von Mises stress distribution zoom in.
5.4.3 Comparison of experimental and numerical results
Investigating the mechanics of the samples in the elastic regime, allows, once the stiff-
ness of the model has been calculated, to consider the relationship:
E∗Computational
EParentComputational
=
E∗Experimental
EParentExperimental
(5.1)
from which:
EParentExperimental =
E∗ExperimentalE
Parent
Computational
E∗Computational
(5.2)
The computational stiffness E∗Computational calculated for sample C3 inserted in Equation
5.2 provides a value for EParentComputational = 92.33[MPa]. This value has been used for char-
acterising the Young’s modulus of the parent material when running the computational
analysis for the models C1 and C2. In Figure 5.12 are compared the stress-strain curves
calculated computationally and the linear interpolation of the experimental curves.
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Fig. 5.12: Experimental results versus FEA for sample C1 and C2.
Influence of porosity
The computational models match closely with the experimental results allowing their use
to investigate the effect of internal porosity on the stiffness of the micro-structures. From
the new two image based models in which the internal pores have been filled to become
a single part with the rest of the scaffold, two computational models have been gener-
ated. Using the calculated value of EParentComputational = 92.33[MPa] and the same boundary
conditions the stiffness of the pores filled models has been calculated (Fig. 5.13).
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Fig. 5.13: Computational stress-strain curves for sample C1 and C2 and the respective pores
filled models.
Not surprisingly the pores filled models result being stiffer than the respective porous
models. Understanding the influence of internal porosity on the stress distribution could
make the difference when designing process or application for the micro-architectures.
The possibility of removing the internal porosity using the image based method allows to
investigate how the stress distribution will change on the structure because of an internal
pore (5.14).
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Fig. 5.14: Longitudinal (a, b) and coronal (c, d) cuts of sample C2’s rib without (a, c) and with
internal pore (b, d).
The morphing mesh option implemented in ScanIP [86] allows generating very fine
local mesh in specific zones of the model where the stress distribution is of more impor-
tance. The presence of a pore in a thin structure as a scaffold rib could determinate the
failure of the structure as reported by the high stress distribution showed in Figure 5.14
(b, d) all around the pore.
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Effect of relative density: a sensitivity analysis
A sensitivity analysis has been run on a single model (C2) to show the potentiality of
using image based techniques combined with finite element method. The effect of a
different rib average diameter (expressed in term of micro-structure relative density) has
been investigated without need of experimentally reproducing all the different samples. A
special morphological filter implemented in ScanIP [86] dilates or erodes the background
image, from which the computational model is generated, by a variable fraction of pixel
size, in each direction, working on the volume of material equally distributed around the
original micro-structure (5.15).
5. Bone Scaffold Characterisation: experimental tests and image based numerical simulations 131
Fig. 5.15: Zoom in of sample C2 for different values of volume fraction, respectively 0.13 (a), 0.18
(b) and 0.24 (c), 0.34 (e), 0.47 (e) and 0.54 (f).
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This kind of approach improves the repeatability of the test reducing the effective
cost and time. The use of an open cell foam as original structure, on which the bone
scaffold has been modelled, shows partial agreement with the analytical model proposed
by Ashby and Gibson ([31]) for open cell foams. Under certain hypothesis the stiffness
of an open cell geometry normalised by the Young’s modulus of the parent material is
expressed as given in Equation 3.7, where C1 is a numerical constant which depends on
the morphology of the cell shape and in general, for open cell structures is close in value
to 1. In this specific case for low values of relative density (ρ
∗
ρs
< 0.4 ) the fitting curve
showed in Figure 5.16(b) presents a linear trend characterised by a constant C1 =0.831
close to the unit value.
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Fig. 5.16: E
∗
Es
calculated for sample C2 at different Relative Density square values, respectively
full range of values (a) and topology preserving values (b).
For higher values of relative density (ρ
∗
ρs
> 0.4) some ribs of the scaffold previously
detached are now merged together reducing the empty spaces in which the struts could
have deformed in (Fig: 5.17).
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(a) (b) (c)
Fig. 5.17: Details of the micro-structure respectively at relative density 0.434 (a) and 0.474 (b). In
(c) an axial image of the image model, on which dilation and erosion is applied, shows
the connection of previously detached ribs. The green mask represents the new layer
of material added to the image model having relative density RD=0.434 (red mask) to
generate the new model (RD=0.474).
As a consequence, the global stiffness of the micro-structure, due to a morphological
change of the architecture characterised by a reduced possibility of internal deformation,
increases considerably to immediately fit a new trend associated with the presence of a
minor number of gaps among the ribs (Fig: 5.16(a) ).
5.5 Flow characterisation
Taken from the paper ”On modeling bio-scaffolds; structural and fluid transport character-
isation based on 3D imaging data” [44] a description of the fluid flow analysis throughout
the bone scaffold C3 is given below. As mentioned in the paper, fluid-dynamics analyses
are of great importance for the optimal design of a bone scaffold. The flow through the
pores of the micro-structure must ensure the possibility for nutrients transport among the
bone cells. Inappropriate fluid-dynamic conditions could result in the death of the biolog-
ical cells for a different number of reasons. If the flow is too fast the cells could not be
able to absorb the nutrients from the fluid, if too slow the amount of particles transported
could not reach in time the cells located on the opposite extremity of the micro-structure.
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Fluid-dynamics investigations are required as well for understanding the presence of tur-
bulence that could affect the direction of the flow or the pressure drop across the whole
system.
5.5.1 Computational Fluid Dynamic analysis
In order to simulate the flow through the micro-structure the volume of the porosity (in-
tended as fraction of pores in the system) has been modelled in ScanIP generating the
negative volume of the scaffold. The segmented volume was automatically meshed us-
ing ScanFE and a model consisting of 26,481,770 tetrahedral cells was produced. The
meshing scheme was automated and robust with no need for correcting for pathological
or poor quality elements. The commercial CFD code Fluent [27] was used to analyse the
contours of velocity magnitude through the sample, as shown in Figure 5.18 (a) indicat-
ing distinct pathways of mainstream velocity. Initial computational studies were run using
water at a range of Reynolds numbers from Re=0.4 to Re=2.0. Pressure drop per unit
length was calculated as a function of the Reynolds number as shown in Figure 5.18 (b).
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Fig. 5.18: Velocity flow map distribution (a) and pressure drop per unit length as a function of the
Reynolds number (b).
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Initial CFD studies have shown promising results and have highlighted the importance
of CFD in analysing flow regimes through the sample.
5.6 Conclusions
Experimental compression tests have been performed on six different samples of HA/TCP
bone-scaffold produced with two different techniques. Accurate image based models
have been generated for these samples starting from micro-CT high definition images
and the use of ScanIP, a new image based tool. A number of parameters of interest
have been measured for a deep morphological understanding of those complex micro-
architectures, revealing aspects experimentally impossible to be investigated. A novel im-
age based mesher, ScanFE, has been utilised for generating the computational models
of the HA/TCP scaffolds (type C) manufactured using the deposition slay process. After
being validated with experimental results the computational models have been used to
understand the effect of the internal porosity, introduced with the manufacturing process,
and of considering different values of relative density on the mechanical properties of the
bone-scaffolds. A fluid dynamic computational analysis has been run on one of the mod-
els to analyse the flow through the structure. The work carried out highlights the potential
use of image based meshing techniques for the ad hoc characterisation of scaffolds as
well as for assisting in the design of scaffolds with tailored strength, stiffness and trans-
port properties. The combination of computational techniques and image based tools has
shown its capabilities allowing to virtually investigate different physical conditions in a re-
liable, no destructive and time saving way. What is important to underline is the ease with
which such numerical studies can now be carried out due to advances in image based
meshing algorithms, computational hardware and improved imaging techniques. Indeed
all the computational analyses presented were carried out on desktop (DELL) personal
computers.
6. COMPOSITES: TWO PHASE SYSTEMS
This chapter explores the mechanical behaviour of composites using the finite element
image based approach. Both synthetic two phase composites numerical models where
the reinforcement is generated using tri-periodic functions and composites models based
on a reinforcement topology obtained from 3D imaging of open celled foams are used to
carry out over three hundred parametric and sensitivity tests. Differences in the response
between synthetic periodic structures and the irregular natural structures are described.
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6.1 Introduction
Composite materials are an essential part of present engineered materials because they
offer advantages such as higher specific stiffness and strength, better fatigue strength
and improved corrosion resistance compared to conventional materials. Composites are
used in various applications ranging from biomedical devices to aerospace structures,
electronic packaging and civil engineering. Analytical models have been used to char-
acterise these complex material systems and, although much insight has been gained
on the mechanisms at work, analyses have been limited to simple, often idealised, com-
posite geometries. Extensive experimental tests have also, of course, been carried out,
but the time and difficulty of manufacturing composites limit the extent to which the large
design envelope can be explored. The use of numerical simulations provides an addi-
tional tool for exploring the influence of architecture on material characteristics of com-
posites allowing for more realism than analytical models (but less insight into the mecha-
nisms at work) and more control over the range of design parameters than manufacturing
and physical testing of prototypes can provide although one has well to remember that
physical testing is eventually the litmus test of any model’s validity, whether analytical or
numerically derived. Numerical simulation as an initial method of characterising com-
posites is gaining in popularity as models and simulations are increasingly detailed and
sophisticated. The wide range of complex material systems treated numerically include
investigations into the effects of the reinforcement spatial distribution [82], of multiaxial
loads [34], of assuming elasto-plastic material properties [48] and of a range of topolog-
ical parameters on the mechanical properties of the composite [46]. The present study
will explore the use of a novel image based meshing tool coupled with a FEA for charac-
terising the mechanical properties of two phase composites with complex reinforcement
topologies. ScanIP [86] allows the generation of gray-scale images based on mathemat-
ical functions which can be straightforwardly transformed into image based models. Five
different kind of composite systems, characterised by four synthetically generated com-
plex periodic micro-architectures and an open cell foam topology obtained from scanning
a polyurethane foam, are explored as reinforcement geometries. A number of sensitivity
analyses are carried out to understand the effects of the different reinforcement topolo-
gies, volume fractions and material properties of the phases on the mechanics of the
composites. Although principally linear elastic response will be explored the influence
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of assuming elasto-plastic characteristics for the matrix material will also be considered
(in consideration of the fact that composites are often designed in order to benefit the
mechanical properties of elastic and plastic materials). All the analyses have been run
using Abaqus Standard [1] for both the elastic and the elasto-plastic cases.
6.2 Model generation
Five different composites models have been generated using ScanIP [86]. High resolu-
tion image data of a polyurethane foam were used to generate the FEA models of the
composites having the foam as reinforcement. Triply Periodic Level Surfaces equations
were inserted in the Lattice Factory mask generating tool of ScanIP [86] to create the four
periodic architectures characterising the other four composite models.
6.2.1 Open cell reinforcement model
High resolution 3D image data of a polyurethane open celled foam with an isotropic res-
olution of 22 microns were used. The images were imported into ScanIP [33], 2 byte
Hounsfield numbers obtained were converted to one byte data, renormalized about 127
and the composite was thresholded for values from 15 to 183 to create a mask. This
mask was downsampled, cropped and floodfilled to obtain a sub-sample of 68 x 58 x 75
pixels dimension (10.2 mm x 8.7 mm x 11.25 mm) with an isotropic voxel size of 150
microns (Fig: 6.1 ).
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Fig. 6.1: Open cell polyurethane foam image based model.
The respective matrix is generated in ScanIP through the use of another filter which
generates the negative of the reinforcement. The same micro-structural topology has
been considered for different values of volume fraction, a measure of the percentage of
reinforcement relative to that of the composite, as given by Equation 6.1.
φ =
volumeReinforcement
volumeComposite
(6.1)
φ was respectively measured using ScanIP as φ = 0%, 14.46%, 38%, 64%, 83%, 94%
and 100%. To obtain different values of volume fraction an imaging filter was adopted.
This tool, commonly known as dilation-erosion, belongs to a morphological class of filters
and allows the addition, or removal, of a fraction of one or more layers of pixels uniformly
around the segmented mask. The mask of the reinforcement was dilated respectively
by one, two, three and four pixels from the starting model characterized by a volume
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fraction φ = 14.46% , in order to reach a volume fraction φ = 94%. Each time the mask
of the reinforcement was dilated by one pixel, the mask of the matrix was eroded of the
same volume. The volume and the size of the composite have been preserved during
the process as well as the original topology of the micro-structure. In Figure 6.2 are
presented the 7 models characterised by different volume fraction values.
(a) (b) (c)
(d)
(e) (f) (g)
Fig. 6.2: Open cell polyurethane reinforcement composite at different values of volume fraction
φ= 0% (a), 14.46% (b), 38% (c), 64% (d), 83% (e), 94% (f) and 100% (g).
6.2.2 Triply periodic reinforcement models
A sophisticated ScanIP morphological filter, named ”Lattice Factory”, allows the gener-
ation of image based models using mathematical equations. First an empty bitmapped
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volume is created, an analytical equation describing implicitly the function associated
to the geometry desired is input, from which an image based mask representing the
equation can be generated. One of its major applications consists in the generation of
complex micro-structures. When the topology has been selected, it is possible choos-
ing the number of unit cells which will characterise the micro-structure in each direction
and specifying its desired volume fraction. The equations used to generate the periodic
models are derived slightly modifying the following equation:
V = r ∗ T1 + s ∗ T2 + t (6.2)
where r, s , and t are constants, and both T1 and T2 are one of the right-hand sides
of the simple level surface approximations of the G, D, P, and W surfaces, subject to
translation and scaling [45]. V corresponds to a surface that represents the solution to
scalar-valued functions of three independent variables. The three independent variables
can be thought of as the X, Y, and Z coordinates of a point in three-dimensional Euclidean
space (in this case dimensioned in unit length), and the function’s value as some quantity,
such as density or color, associated with that point (in this case simply as a scalar value).
The name and the equation of the four different periodic geometries are reported in Table
6.1:
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Type Geometrical Equations and Parameters Comments
P (”Schwarz P”) v = 10.0*(cx*cy + cy*cz + cz*cx) - 5.0*(cos
(x*2) + cos (y*2) + cos (z*2)) - 14.0
cx = cos(1*x)
cy = cos(1*y)
cz = cos(1*z)
D (”Diamond”) v = 10.0*(sin xo * sin yo * sin zo + sin xo *
cos yo * cos zo + cos xo * sin yo * cos zo
+ cos xo * cos yo * sin zo)- 0.7*(cx + cy +
cz)- 11.0
cx = cos (4*x)
cy = cos (4*y)
cz = cos (4*z)
xo = x - pi/4
yo = y - pi/4
zo = z - pi/4
W (”iwP”) v = 10.0*(cos x * sin y + cos y * sin z +
cos z * sin x) - 0.5*(cx*cy + cy*cz + cz*cx)
- 14.0
cx = cos (2*x)
cy = cos (2*y)
cz = cos (2*z)
G (”Gyroid”) v = 10.0*(cx + cy + cz) - 5.1*(cx*cy + cy*cz
+ cz*cx) - 14.6
cx = cos(1*x)
cy = cos(1*y)
cz = cos(1*z)
Tab. 6.1: Mathematical equations of the periodic structures P, D, W and G.
The Lattice Factory filter implemented in ScanIP allows the transformation of the level
surfaces into volumes. The geometries generated represent the reinforcement of the
composites, the respective matrixes are designed in ScanIP by simply creating the nega-
tive of the micro-structures. For each topology, 6 different models having different values
of reinforcement volume fraction were created modifying the parameters of the equations
corresponding to the periodic structures. The process was automatically implemented in
the Lattice Factory filter of ScanIP in which was simply requested to insert the volume
fraction value desired. The volume fraction values were respectively φ = 0.1, 0.2, 0.3,
0.4, 0.5 and 0.6. Any further increase in the volume fraction tends to change the original
topology through ribs merging and then was not explored. The reinforcement phase of
the four models, at volume fraction value φ = 15% is shown in Figure 6.3 (single unit cell)
and Figure 6.4 (cluster of 3 x 3 x 3 unit cells).
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(a) (b)
(c) (d)
Fig. 6.3: Three-dimensional illustration of four types of bi-continuous micro-structures unit cells,
respectively Gyroid (a), Schwarz P (b), iwP (c) and Diamond (d).
6. Composites: two phase systems 146
(a) (b)
(c) (d)
Fig. 6.4: Three-dimensional illustration of four types of bi-continuous micro-structures cluster of
unit cells, respectively Gyroid (a), Schwarz P (b), iwP (c) and Diamond (d).
6.2.3 Convergence study
To be representative a sufficient number of elements must be used to model accurately
the stress field of a system. A convergence test was therefore carried out to analyse
the predicted response (effective Young’s modulus) with increasing mesh density exclu-
sively on the composite models having the Polyurethane foam as reinforcement. For
analysing the composites characterised by synthetic reinforcement structures in fact RVE
(Representative Volume Element) models were utilised in combination with the periodic
boundary theory [58], [57]. This approach allows to use a single unit cell as representa-
tive for understanding the behaviour of an infinite space of the same unit cell repeated
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periodically in the three Cartesian directions. Considering the small size of the represen-
tative volume element, a very fine mesh has been generated for these models without
exceeding any critical number of elements in terms of computational cost (no need of
convergence study). In Figure 6.5 E*/Er calculated for the composite system having
the Polyurethane foam as reinforcement micro-structure and volume fraction φ = 38% is
shown for increasing mesh density.
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Fig. 6.5: Polyurethane foam reinforcement composite model discretisation convergence study.
The Young’s modulus of reinforcement (Er) and matrix (Em) were respectively equal to
4 [MPa] and 1 [MPa] and a Poisson’s ratio value ν = 0.3 was adopted for both the phases.
A displacement calculated to generate a strain  = 5% has been applied to the top surface
in the longitudinal direction of the sample and the bottom has been constrained in the
direction of the displacement and let free to breath in the other two orthogonal directions.
The lateral sides of the material system were left free to move in each direction. Given
competing requirements of accuracy against solution time the number of 1686423.029
nodes has been chosen as representative for modeling the composite systems (this is
equivalent to 1103/5.53 per unit cell image pixels resolution).
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6.2.4 Mesh generation
The segmented volumes were automatically meshed in ScanFE using linear tetrahedral
elements. The meshing scheme was automated and robust with no need for correct-
ing for pathological or poor quality elements. An important characteristic of the mesh
was its symmetry, necessarily required when running simulations on an RVE using pe-
riodic boundary conditions. The models having a polyurethane foam as reinforcement
counts around 6 millions elements for each of the different relative densities considered.
The models having G, D, P and W as reinforcements were constituted by approximately
52.000 elements because of the use of RVE in combination with periodic boundary (Fig:
6.6).
(a) (b)
Fig. 6.6: iWp periodic unit cell mesh; (a) Whole composite cell, (b) reinforcement.
6.2.5 Material properties
For the analyses within the limits of the elastic regime the models are characterised using
a linear elastic Young’s modulus and a Poisson ratio ν = 0.3. The elastic modulus is ex-
pressed in terms of the ratio of the Matrix Young’s modulus (Em) over the Reinforcement
Young’s modulus (Er). For each model and each value of volume fraction ten different
cases have been investigated: Em/Er = 2/3, 1/2, 1/4, 1/10, and 10E-6 and Em/Er = 1.5,
2, 4, 10 and 10E+6. When considering the elasto-plastic regime, the included phases
shown in Fig.6.2 and 6.3 were regarded as elastic isotropic Alumina solids with Young’s
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modulus Ep = 390 [GPa] and Poisson’s ratio νp = 0.2. The matrix phase was modelled as
an isotropic elasto-plastic aluminium alloy following the Von Mises criterion with isotropic
hardening. Its Young’s modulus Em = 69 [GPa] and Poisson’s ratio νp= 0.33. The flow
stress was formulated as σnpl = Apl [82], where pl is the accumulated plastic strain A =
400 [MPa] and n = 0.15. The properties of the phases are shown in Table 6.2 :
Alumina Aluminium
Young’s Modulus [GPa] 390 69
Poisson’s ratio 0.2 0.33
Density [Kg/mm3] 3.96e− 6 2.7e− 6
Tab. 6.2: Material properties assumed for the ceramic Al2O3 and Al phases.
6.3 Boundary Conditions
The use of different models for investigating the Young’s modulus of the composites under
different conditions requires specific boundary settings.
6.3.1 Polyurethane foam reinforcement
The PU foam adopted as reinforcement is constituted by approximately 5 x 5 x 6 cells
(the irregular dimensions come from the difficulty in cutting a very small sample, required
for the scan, starting from a major block). The bottom of the composite has been con-
strained in the direction of the displacement and let free to breath in the other directions.
A displacement calculated for generating a global strain  = 5% is prescribed to the top
face of the models in the longitudinal direction (assumed to be that one having almost 6
cells). The nodes on the lateral faces have been let free to move in any direction, in fact
if they would have been constrained in order not to allow movements out of plane, the
resulting stress condition measured on the system would have been a tri-axial condition
rather than an uni-axial.
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6.3.2 Triply Periodic reinforcement models with periodic boundaries
When the synthetic geometries are used for investigating the mechanical behaviour of
the composite systems, RVE models are adopted. For these models periodic boundary
conditions have been implemented following the criteria proposed and well described by
Li [57], [58]. The introduction of a unit cell is usually based on certain assumption, such
as a regular pattern in the micro-structure, space filling and symmetric geometry. Peri-
odic boundaries define unit cell by using translational symmetry transformations. In order
to extract independent conditions for the periodic boundaries equations, independent set
of displacement boundary conditions must be defined for the faces, the edges and the
vertices of the unit cell. Once the boundaries have been defined it is necessary to define
a load or a displacement in term of macroscopic stresses or strains respectively. Con-
centrated forces (generalised with dimension of force x unit length) can be applied to the
extra degrees of freedom introduced when defining the displacement boundary condi-
tions. The macroscopic stresses are related to these concentrated forces from an energy
equivalence consideration. For example, if a force Fx is applied to the extra degree of
freedom 0x of a unit cell, while all the other degree of freedom are free from constraints,
the work done by the force is:
W =
1
2
Fx
0
x (6.3)
The strain energy accumulated in the unit cell can be described in terms of macroscopic
stresses and strains as:
E =
1
2
∫
σ0x
0
xdV =
1
2
V σ0x
0
x (6.4)
where V is the volume of the unit cell. Equating work and energy it is possible measuring
the value of σ0x. From the measure of the displacement and the calculation of the strain
0x the Young’s modulus is given by:
E0x =
σ0x
0x
(6.5)
Using this approach and applying different loads on different degrees of freedom it’s pos-
sible to calculate the most commonly used mechanical properties.
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6.4 Finite Element Analysis and Results
6.4.1 Linear behaviour
The 240 models created to investigate the effects of different relative densities, topologies
and ratios of EmEr on the mechanical properties of the composites in the elastic regime,
have been run using Abaqus Standard. The finite element analyses were run within the
framework of the small displacement theory. The simulation of each model characterised
by the Polyurethane foam as reinforcement (roughly 6 millions elements) requires ap-
proximately 3 hours on a 64bit Windows platform, dual quad-core Intel processor, 64 GB
Ram. When using RVE models, each simulation take approximately 30 sec on the same
platform. For comparison, theoretical upper and lower limits [23] have been calculated
and are presented alongside results for the 5 different reinforcement geometries systems.
For aligned fibre composites, the Voigt-Reuss bounds [40] give upper and lower modulus
bounds in directions parallel and perpendicular to the fibre directions, respectively [73].
The upper limit is given by assuming the reinforcement and the matrix oriented along
the direction of the displacement (Eq.6.6), the lower limit is given by assuming the two
component aligned orthogonally the direction of the displacement (Eq.6.7).
EUpper = Er · Vr + Em · Vm (6.6)
ELower =
E −m · Er
Vm · Er + Vr · Em (6.7)
EUpper and ELower are the Young’s modulus of the entire composite along the length of
the fibres, Er and Em are respectively the Young’s modulus of the fibres (reinforcement)
and matrix material and Vr and Vm respectively the volume fraction of fibres and matrix
in the composite. Equations 6.6 and 6.7 can be re-expressed as:
EUpper
Er
= φ+ (1− φ)Em
Er
(6.8)
ELower
Er
=
Em
(1− φ) + φEmEr
(6.9)
In Figure 6.7, 6.8 and 6.9 the composite Young’s modulus normalised by the Young’s mod-
ulus of the reinforcement ( E
∗
Er
) is presented against the reinforcement volume fraction
for the four synthetic models , the model having the Polyurethane foam as reinforcement
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and the upper and lower limits calculated in Equation 6.8 and 6.9 at different ratios EmEr .
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Fig. 6.7: E
∗
Er
is presented against the reinforcement volume fraction for models G, D, P, W,
Polyurethane Foam and Upper and Lower limits at different ratios Em/Er, respectively,
Em/Er =2/3 (a) and 1/2 (b).
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Fig. 6.8: E
∗
Er
is presented against the reinforcement volume fraction for models G, D, P, W,
Polyurethane Foam and Upper and Lower limits at different ratios Em/Er, respectively,
Em/Er =1/4 (a) and 1/10 (b).
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Fig. 6.9: E
∗
Er
is presented against the reinforcement volume fraction for models G, D, P, W,
Polyurethane Foam and Upper and Lower limits at ratios Em/Er = 10E-06.
For higher values of volume fraction (φ =0.4, 0.5 and 0.6) the percentage of the dif-
ference between the maximum value of E*/Er and the minimum, calculated for the same
value of φ and Em/Er ratio, among the four different synthetic composite systems, has
been measured as shown in Table 6.3.
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(E
∗
Er
)Max−(E
∗
Er
)min
(E
∗
Er
)Max
[%]
Em/Er=2/3 Em/Er=1/2 Em/Er=1/4 Em/Er=1/10 Em/Er=1E-6
φ = 0.4
S - D S - D S - D S - D S - D
0.94 4.79 14.89 31.02 56.26
φ = 0.5
S - D S - D S - D S - D S - D
0.96 2.04 10.68 24.13 43.21
φ = 0.6
D - i S - D S - D S - D S - DD
1.77 3.1 10.11 20.8 34.99
Tab. 6.3: Percentage of the difference between the maximum E*/Er and the minimum, for fixed
values of φ and Em/Er, calculated among the four synthetic geometries. The letters
presented on the top of each value represent respectively, with the order they are intro-
duced, the composite system having higher and lower E*/Er value among the five type
of systems (i=iWP, D=Diamond, G=Gyroid and S=Schwarz Primitive).
As enlighten in Table 6.3, for values of Em/Er contained between 2/3 and 1/4 and φ
contained between 0.4 and 0.6, the difference among the maximum E*/Er value and the
minimum value, belonging to different architectures, is less than 15%. In this range of
values (same for values of φ=0.1%, 0.2% and 0.3%) the geometry of the different micro-
architectures utilised as reinforcement doesn’t imply any interesting difference in the me-
chanical behavior of the composite systems. This is not surprising considering that values
of Em/Er ratio equal to 2/3 and 1/2 could be almost associated to a homogeneous ma-
terial. This information could be helpful in understanding under which conditions (Em/Er
and φ) the topologies of the reinforcement architecture determinate major differences on
the mechanical behaviour. In Figure 6.10, for each value of Em/Er rather than reporting
each curve representing a different geometry (Diamond, iWp, Gyroid and Schwarz P) is
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presented their average value.
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Fig. 6.10: Average value E*/Er of the four different composite systems (Diamond, iWp, Gyroid and
Schwarz P) calculated for different ratio Em/Er and relative densities.
The trends of the averages present a consistent change in term of stiffness when the
ratio E
m
Er
starts to be representative and the presence of the two components is better
defined detaching from a situation similar to that of a homogenous system. For each
composite model, at each volume fraction, E
∗
Er
has been studied under two circumstances:
(a) reinforcement and matrix have their respective material properties, (b) the material
properties of the two component are inverted. The curves describing E
∗
Er
don’t cross
exactly at the reinforcement volume fraction equal to 0.5 (Fig:6.11).
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Fig. 6.11: E
∗
Er
is presented for the micro-structure Schwarz P in two cases: (continuum line) rein-
forcement and matrix have their respective material properties, (dotted line) the material
properties of the two component are inverted
This is due to the different micro-architecture of the phase assumed to be the rein-
forcement, which influences the mechanism of deformation. In order to understand how
differently a triple periodic composite architecture behaves when compared with an ideal
fiber reinforced composite, the stiffness of the four different composite geometries is nor-
malised by the upper limit (Eq:6.6). In Figure 6.12 the ratio E*/EUpper is presented for the
composite system Schwarz P at different ratio Em/Er.
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Fig. 6.12: The value E*/EUpper is presented for the composite system Schwarz P for different
values of volume fraction φ. The two different series of curves are representative for the
same composite system in which the reinforcement material properties are assigned to
the reinforcement (continuous line) first and to the matrix (dotted line) after.
When the ratio Em/Er is small (2/3, 1/2 and 1/4) the trend of the curves is almost the
same and stays approximately close to 1, showing that the micro-structure of the rein-
forcement doesn’t affect particularly the global stiffness of the composite at each value
of reinforcement volume fraction. When the Young’s modulus of the reinforcement starts
to increase respect the matrix value, the geometry of the reinforcement shows its contri-
bution, specially for low values of volume fraction. As shown in Figure 6.12 for extreme
values of Em/Er ratio and low φ of the reinforcement (intended as the component having
higher modulus), conditions for which the reinforcement is almost completely responsible
of the response of the material system, the mechanical response of a complex geometry
strongly differs from that of an ideal fibre aligned composite, depending exclusively on
the topology of the reinforcement.
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6.4.2 Contiguity and stiffness
The concept of contiguity will be analysed for the different micro-structures and attempts
will be made to correlate it with the mechanical properties of the composites. Contiguity
was firstly proposed by Gurland [37] for the description of the extent of particle contact
in dual phase structures. In other words, it can be used to quantify the connected nature
of the phases in a composite. This concept has been accepted and used to characterise
composite materials by some researchers [4], [39], [75]. Gurland [37] defined contiguity
as the fraction of the internal surface of a phase (A) shared with other phase (A) particles
in an A-B two-phase mixture. Later its mathematical expression and the concept of con-
tinuous volume were defined by Carter et al. [15] and Davies et al. [24] as the following
equation:
CA =
2SAA
2SAA + SAB
(6.10)
Where CA is contiguity of A phase SAA, is the surface area between A phase, SAB is
the surface area between A and B phase per unit volume. This equation is valid for any
particle size, shape, and distribution. The contiguity of a phase varies between 0 and 1
as the distribution of one phase in another one changes from a completely isolated to a
fully clustered state. According to Equation 6.10 the variations of the geometry properties
are shown in Figure 6.13.
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Fig. 6.13: Contiguity at different values of reinforcement volume fraction for models G, D, P, W and
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The higher contiguity, among the four synthetic micro-structures for different values
of reinforcement volume fraction, is associated to the Gyroid geometry, and the lower
contiguity belongs to the Schwarz P geometry. iwP and Diamond geometries present a
similar trend of contiguity for different values of reinforcement volume fraction. However
higher contiguity does not seem to imply a higher Young’s modulus. In Figure 6.15 and
6.16 , E*/Er of the four periodic geometries and their contiguity values, is presented for
the different ratios Em/Er at different volume fractions, respectively φ = 0.1, 0.3, and 0.5.
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Fig. 6.15: Relationship between E
∗
Er
and EmEr for models G, D, P and W at different reinforcement φ
= 0.1 (a) and 0.3 (b).
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For higher ratio ErEm (
Em
Er
= 1/10, 10 − E6 ) it is more evident that contiguity doesn’t
necessary imply greater stiffness. In the legend of Figure 6.15 and 6.16 the values of
contiguity are listed from highest to the lowest in order to help underlining the poor re-
lationship between contiguity and stiffness. For these cases the type of reinforcement
geometry appears to play the dominant role in determining the stiffness of the composite,
and Schwarz P appears to have generally the stiffest response.
6.4.3 Elasto-plastic behaviour
The four periodic composites models tested in the elastic regime, are now re-analysed
for investigating the elasto-plastic behaviour. Again, the real open cell Polyurethane
foam has been used to model the reinforcement as a fifth composite topology. For all
these models the finite element analyses were run using ABAQUS/STANDARD [1] within
the framework of the small displacement theory. The ”non linear geometry” option has
been selected to capture the non linear behaviour related to the elasto-plastic component
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present in the composite. The global stress normalised by the Aluminium yield stress is
presented for the five different composites at different values of volume fraction in Figures
6.17 and 6.18.
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Fig. 6.17: Engineering stress-strain curves of the 5 composite system at different values of rein-
forcement volume fraction, respectively φ = 0.1 (a) and φ = 0.4 (b).
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Fig. 6.18: Engineering stress-strain curves of the 5 composite system at reinforcement volume
fraction φ = 0.6 .
At high values of reinforcement volume fraction (φ = 0.6) the composite characterised
by a Polyurethane open cell foam as reinforcement shows nearly the same behaviour of
the periodic micro-structure reinforcement composites. As for the linear elastic regime
the model Schwarz Primitive results being stiffer than the other. At low values of volume
fraction (φ = 0.1) the composite having the open celled foam as reinforcement presents
a different stress-strain trend, compared to the periodic geometries, when the plastic de-
formation occurs. High strains don’t imply high stresses. This emphasises how natural
structure with their irregularity cannot be completely represented by regular, even if com-
plex, geometries. In Figure 6.19 and 6.20 are presented the stress and plastic strain
distributions calculated in Abaqus for the composite having the Polyurethane foam as
reinforcement and relative densities φ = 0.1397 and φ = 0.9423 respectively. As can be
seen in Figure 6.20 the plastic strain belong exclusively to the matrix of Aluminium.
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(a)
(b)
Fig. 6.19: Von Misses stress distribution for Polyurethane reinforcement composite model at
φ = 0.1397 (a) and φ = 0.9423 (b).
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(b)
Fig. 6.20: Plastic strain distribution for Polyurethane reinforcement composite model at φ = 0.1397
(a) and φ = 0.9423 (b).
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6.5 Conclusions
A real open celled foam and four different complex periodic geometries were modelled,
using 3D imaging data and minimal Triply Periodic surface equations, in order to generate
five different composite models having these complex micro-architectures as reinforce-
ment. From the five models, more than 300 cases have been run using finite element
simulations to investigate the effects of different reinforcement volume fraction values,
different reinforcement-matrix parent materials combinations, non linear material proper-
ties and periodic boundaries on the mechanical behaviour of the composites. The reg-
ular micro-structures generated from tri-periodic functions have been compared with the
real open cell foam model, showing that natural irregular geometries cannot necessarily
straightforwardly be modelled using regular synthetic architectures. The use of computa-
tional methods has allowed a very wide range of analyses to be carried out in a relative
small amount of time, this will undoubtedly become an increasingly used approach to
explore the design space for multiphase composites. Computational methods and im-
age based techniques have shown to offer a robust approach for the characterisation of
complex two phase systems.
7. DISCUSSIONS
A novel approach has been defined for understanding the mechanics of complex micro-
material systems. The new method is based on the combination of image based process-
ing and finite element method (FEM). The quality of the images taken using serial scan-
ner imaging techniques (micro-CT, MRI, etc.) is the only parameter that determines the
quality of the finite element model. The image based meshing is the crucial point which
makes this novel approach possible. Although a wide range of mesh generation tech-
niques are available, these on the whole, have not been developed with meshing from
segmented three-dimensional imaging data in mind. Meshing from three-dimensional
data presents a number of challenges but also unique opportunities so that a concep-
tually different approach can provide, in many instances, better results than traditional
approaches. In Chapter 2 a detailed review on the image based meshing is presented.
The methodology is based on VoMaC and the description is addressed to some of the lim-
itations of this approach and in particular in extending its use to meshing segmented data
with an arbitrary number, as well as arbitrary spatial distributions, of VOIs. In the case
of modelling complex topologies with potentially disconnected domains approaching the
problem via CAD-based meshing approaches becomes increasingly more difficult. By
contrast, treating the problem using grid-based meshing approach is remarkably straight-
forward, robust, accurate and efficient. Indeed, once segmentation of the different phases
present in the image has been carried out, a mesh can be generated automatically which
is of image-based accuracy with domain boundaries of the finite element model lying
exactly on the isosurfaces. The ease and accuracy with which complex topologies can
be computationally modelled opens up the possibility of investigating numerically a wide
range of problems previously difficult or intractable. The different case studies presented
in this thesis demonstrate the potential of the novel approach across a very wide range
of problems from the investigation of structural properties of open cell foams and scaf-
folds to complex reinforcement geometries composites. In spite of their complexity and
sophistication, full FE simulations were carried out on inexpensive and commonly avail-
7. Discussions 171
able hardware platforms. In Chapter 3 a parametric model of the mechanics by which
open cell foams deform under compression has been developed expanding the pure
Bending model, proposed by Gibson and Ashby, by introducing axial compression as
second mechanism of deformation. The inverse approach, based on the combination of
image based processing and finite element simulations, has been defined and utilised
for solving the parametric model which attempts for the first time to quantify the relative
contribution of axial and bending mechanisms to the global deformation of real topolo-
gies open cell micro-structures. The model produces good results for simple and regular
geometries but appears to be unstable (generation of negative parameters) when ap-
plied on a real open cell Polyurethane foam geometry. Though resulting unstable when
applied to complex irregular topologies, this model opens the way to interesting investi-
gations on the contribution of different mechanisms during the deformation of open cell
micro-structures. In Chapter 4 dynamic analyses have been run on an image based finite
elements model of Polyurethane open cell foam. Different displacement time histories,
full contact mechanics, large strain deformations and non linear material properties have
been investigated for the first time using the finite element method. In Chapter 5 two dif-
ferent typologies of HA-TCP bone scaffolds have been studied with the novel approach.
After having calibrated the image based finite element models with the experimental data
a number of sensitivity and parametric analyses have been considered. The effects of
the internal porosity and the influence of different relative densities on the global stiffness
of the bone scaffold systems have been analysed for the first time. The work being car-
ried out highlights the potential use of image based meshing techniques for the ad hoc
characterisation of scaffolds as well as for assisting in the design of scaffolds with tailored
strength, stiffness and transport properties. Finally in Chapter 6 the attention has moved
on two phase system composites. More than three hundreds parametric and sensitivity
analyses have been run on five different composite systems. The micro architectures of
the reinforcements of the different models were characterised by four synthetic periodic
structures and a real open cell Polyurethane foam topology. The mechanical properties
of the composite systems have been analysed for different values of relative density, dif-
ferent Young’s modulus reinforcement-matrix ratios and non linear material properties.
A comparison between the regular synthetic periodic reinforcement structures and the ir-
regular natural open cell structure shows that the natural architecture cannot be replaced,
in term of mechanical properties, by the artificial geometries. The image based finite ele-
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ment approach has shown to be a powerful tool for the characterisation of novel complex
micro-material systems.
8. CONCLUSIONS AND FUTURE WORK
The novel image based finite element approach has shown to easily and accurately model
complex micro-geometries as never before and opens up a wide range of previously
difficult or intractable problems to be numerically analysed. Parametric and sensitivity
analyses have been run in a non destructive evaluation way on open cell foams, bone
scaffolds and composites, catching aspects that conventional characterisation methods
will never be able to study.
During the duration of this thesis, a number of areas have been identified as possible
routes for future work.
The tentative of quantifying the contribution of different mechanisms during the de-
formation of cellular solids it’s something not yet explored for lack of methodology and
techniques. The majority of the analytical models present in literature generalise, under
certain conditions, the mechanics of deformation with simple bending mechanism. The
contribution of axial compression, twisting and torsion is rarely taken into account. Surely
these mechanisms cover an important role during the deformation event. The work done
in this thesis has shown that combining image based finite element method and analyti-
cal models is a possible and reliable way for taking into account different mechanisms of
deformations when investigating real complex micro-topologies.
The number of studies done on open cell foams, bone scaffolds and composites can
be extended to an infinite number of specific cases of interest. Bone scaffolds and bone
tissues could be analysed in parallel, modifying the volume fraction, the internal porosity
and the topology of the scaffold in order to reach the mechanical properties of the natural
tissue. This would optimise the micro-structure design.
The analysis of composite could be extended to multi phase systems, with an unlim-
ited number of inclusions. The material scientists would be pleased by the possibility of
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controlling the effects of changing many physical parameters, for each inclusion, on the
mechanical behaviour of the composite.
Beside the application on micro-structures, the novel image based finite element model
approach can be successfully applied in each field of study.
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